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Available online 7 October 2016Rip currents are narrow and concentrated seaward-directed ﬂows that extend from close to the shoreline,
through the surf zone, and varying distances beyond. Rip currents are ubiquitous on wave-exposed coasts.
Each year they cause hundreds of drowning deaths and tens of thousands of rescues on beaches worldwide
and are therefore the leading deadly hazard to recreational beach users. The broad deﬁnition above masks con-
siderable natural variability in terms of rip current occurrence in time and space, ﬂow characteristics and behav-
iour. In particular, surf-zone rip currents have long been perceived as narrow ﬂows extending well beyond the
breakers, ﬂushing out the surf zone at a high rate (‘exit ﬂow’ circulation regime), while more recent studies
have shown that rip ﬂow patterns can consist of quasi-steady semi-enclosed vortices retainingmost of the ﬂoat-
ingmaterial within the surf zone (‘circulatory ﬂow’ circulation regime). Building upon a growing body of rip cur-
rent literature involving numerical modelling and theory together with emergence of dense Lagrangian ﬁeld
measurements, we develop a robust rip current type classiﬁcation that provides a relevant framework to under-
stand the primary morphological and hydrodynamic parameters controlling surf-zone rip current occurrence
and dynamics. Three broad categories of rip current types are described based on the dominant controlling forc-
ing mechanism. Each category is further divided into two types owing to different physical driving mechanisms
for a total of six fundamentally different rip current types: hydrodynamically-controlled (1) shear instability rips
and (2) ﬂash rips, which are transient in both time and space and occur on alongshore-uniform beaches; bathy-
metrically-controlled (3) channel rips and (4) focused rips, which occur at relatively ﬁxed locations and are driv-
en by hydrodynamic processes forced by natural alongshore variability of the morphology in both the surf zone
and inner shelf zone; and boundary-controlled (5) deﬂection rips and (6) shadow rips, which ﬂow against rigid
lateral boundaries such as natural headlands or anthropogenic structures. For each rip current type, ﬂow re-
sponse to changes in hydrodynamic and morphologic forcing magnitude is examined in regard to velocity mod-
ulation and changes in circulation regime, providing key force-response relationships of rip currents. We also
demonstrate that in the real world, rip currents form through a mixture of driving mechanisms and the discrete
rip types deﬁned in fact form key elements in awide and complex spectrum of rip currents on natural beaches. It
is anticipated that this rip current type classiﬁcationwill serve as a resource for coastal scientists and non-special-
ists with an interest in the rip current hazard, and as a platform for future rip current studies. Finally, we suggest
some important future research directions highlighting the need for coastal and beach safety communities to col-
laborate in order to improve rip current education and awareness.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Many global beaches are characterized by the presence of narrow
and concentrated seaward ﬂowing rip currents that extend from close
to the shoreline, through the surf zone, and varying distances beyond.
Rip currents are fundamentally driven by the action of breaking waves
(Bowen, 1969) and are therefore found on a range of beach types
(Wright and Short, 1984; Lippmann and Holman, 1989; Masselink and
Short, 1993; Scott et al., 2011a; Loureiro et al., 2013) along oceanic,
sea and lacustrine coasts exposed to different wave climates. It is well
established that rip currents are important for the transport and cross-
shore mixing of heat, pollutants, nutrients and biological species
(Talbot and Bate, 1987; Shanks et al., 2012; Sinnett and Feddersen,
2014). However, rip currents have long been of both scientiﬁc and soci-
etal interest mostly due to the coastal hazard they represent. Their ﬂow
is often sustained over sufﬁcient temporal periods (hours–days) and
mean velocities (often N0.5 m/s) enable transport of large volumes of
sediment offshore, particularly during storm events (e.g. Cook, 1970;
Thornton et al., 2007; Loureiro et al., 2012b, Castelle et al., 2015). This
can accentuate localized shoreline and dune erosion making them a
threat to shoreline infrastructure and coastal communities. However,
arguably the greatest impact that rip currents present to society is
through the hazard they represent to beach users who ﬁnd themselves
caught in one (Fig. 1). Indeed, the earliest studies on rip currents
(e.g. Davis, 1925; Shepard, 1936) brought attention to the hazard by
coining the term ‘rip current’ in an attempt to differentiate them from
the conceptually misleading terms ‘undertow’ and ‘riptide’, which
were gaining popularity in the public vernacular at the time and are un-
fortunately still often incorrectly used by the public and media to
describe rip currents.
Rip current ﬂows can quickly carry unsuspecting bathers of all
swimming abilities (Drozdzewski et al., 2012, 2015) into deeper water
(Fig. 1), often against their will, where a combination of exhaustion
and panic too often results in a drowning death (Brander et al., 2011).
Each year hundreds of people drown and tens of thousands more are
rescued from rip currents globally (e.g. Klein et al., 2003; Hartmann,
2006; Gensini and Ashley, 2009; Brewster, 2010; Brighton et al., 2013;
Scott et al., 2011b; Arun Kumar and Prasad, 2014; Arozarena et al.,
2015; Barlas and Beji, 2015) and it is now well established that theyare the primary physical hazard facing recreational bathers on surf
beaches worldwide (Brander, 2015; Brander and Scott, 2016).
While the severity of the rip hazard to bathers has been shown to be
inﬂuenced by various demographic, social, behavioural, knowledge-
based and emotional factors (Sherker et al., 2010; Hatﬁeld et al., 2012;
Williamson et al., 2012; Caldwell et al., 2013; Woodward et al., 2013,
2015; Brannstromet al., 2014), in terms of physical factors it is primarily
dictated by a combination of rip current ﬂow speed and circulation pat-
terns (Scott et al., 2014). As outlined by Brander andMacMahan (2011),
our understanding of rip current ﬂow behaviour has had a strong inﬂu-
ence on existing global rip current hazard safetymessaging promoted to
the public, particularly in terms of self-escape strategies. From this per-
spective it is therefore useful to consider the historical progression of
scientiﬁc research and knowledge in relation to both rip current ﬂow
and the rip current hazard (Fig. 2).
Fig. 2 presents temporal patterns of rip current related publications
in internationally refereed journals based on a detailed search of the lit-
erature. A total of 236 publications from 1925 to April 2016 were
sourced and the publication list and criterion for their inclusion are pro-
vided in Supplementary Material. Publications were coded into ﬁve
dominant subject themes, some with sub-themes. Some papers (if ap-
plicable) were coded with multiple themes. As evident from Fig. 2a,
scientiﬁc interest in rip currents experienced a relatively slow andmod-
est progression until a marked and rapid increase post-2000 that con-
tinues today. In terms of themes, early studies on rip currents were
clearly qualitative in nature either providing a descriptive review of
existing rip current knowledge or describing different types of rip cur-
rents and there is some evidence of increased interest in both areas in
recent years (Fig. 2b). There has been a noticeable increase in numerical
process-based modelling studies, particularly since 2000, while the
number of physical laboratory studies and conceptual empirical based
models (e.g. Wright and Short, 1984) have remained relatively low
over time (Fig. 2d).
The increase in modelling studies is clearly a reﬂection of improved
computing power and theoretical framework just as the rapid increase
in rip current ﬁeld measurements since 2000 (Fig. 2c) is largely due to
technological advances and reduced costs of data gathering equipment
(e.g. MacMahan et al., 2005, 2009; Schmidt et al., 2003). This is evident
from the gradual temporal increase in Eulerian measurements, which
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ment of one ormore ﬂowmeters in a rip current system.While Eulerian
approaches offer limited spatial coverage, they have been particularly
useful in examining and understanding the temporal variability of rip
current ﬂow, such as the tidal modulation of rip current velocity and
ﬂow pulsing at infragravity frequencies (e.g. Sonu, 1972; Aagaard et
al., 1997; Brander and Short, 2001; MacMahan et al., 2004, 2006). Also
apparent from Fig. 2d is the increase in Lagrangian ﬁeld measurements
in the last decade. Lagrangianmethods involve observing, ormeasuring,
trajectories of speciﬁc ﬂuid parcels through the rip current system and
are useful for providing a two-dimensional representation of the spatial
variability of rip current circulation and surface velocity patterns over
time (e.g. Schmidt et al., 2003; Spydell et al., 2007; Austin et al., 2010;
MacMahan et al., 2010a; Houser et al., 2013; McCarroll et al., 2014b;
Winter et al., 2014; Scott et al., 2016). The move towards Lagrangian
measurements is reminiscent of the earliest ﬁeld measurements of rip
current ﬂows conducted near the Scripps Institute of Oceanography at
La Jolla, California (Shepard et al., 1941; Shepard and Inman, 1950)
using ﬂoating objects and drogues.
In terms of studies related to the rip current hazard, while the earli-
est rip current publications (e.g. Davis, 1925; Shepard, 1936; Shepard et
al., 1941) acknowledged the drowning hazard represented by rip cur-
rents, a dearth of dedicated hazard research existed until the data-driv-
en models/forecasts studies by Lushine (1991) and Lascody (1998).
However, since 2010 there has been a rapid proliferation of interest in
the rip current hazard, particularly from social science studies (Fig. 2e)
relating to human understanding, perception of, and behaviour in rela-
tion to the rip hazard (e.g. Drozdzewski et al., 2012; Brannstrom et al.,
2014; Woodward et al., 2015). In this time, there has also been in-
creased interest in statistical data reporting (e.g. Brighton et al., 2013;
Arozarena et al., 2015; Barlas and Beji, 2015) and physical studies in-
volving measuring or modelling swimmer behaviour in rip currents
(e.g. McCarroll et al., 2014a; McCarroll et al., 2015; Castelle et al.,
2016; Van Leeuwen et al., 2016). Overall, it is evident from Fig. 2 and
Supplementary Material that scientiﬁc interest in rip currents is high,
with continued rapid growth largely being driven by hazard related
studies, followed by ﬁeld measurements and modelling works.1.1. Rip current structure and circulation regime
The traditional and widely accepted view of rip current circulation
regime and rip current system structure (Fig. 3a) is based on early
Lagrangian studies and observations by Shepard et al. (1941) and
Shepard and Inman (1950) and describes nearshore circulation involv-
ing rip currents and the continuous interchange of water between the
surf zone and areas offshore (Inman and Brush, 1973). The onshore
mass transport due to breaking waves results in the formation of
longshore feeder currents close to the shoreline, which converge into
a narrow and shore-normal rip neck. This fast ﬂowing rip neck extends
seaward through the surf zone and beyond (Fig. 3a)where it eventually
decelerates and dissipates as an expanding rip head. This water is then
available to be transported shoreward again by breaking waves, thus
completing the cell (Fig. 3a). This traditional view is found inmany pop-
ular coastal textbooks (e.g. Komar, 1998; Woodroffe, 2002; Davis and
Fitzgerald, 2004; Davidson-Arnott, 2010) and depicts a rip current
that is narrow, ﬂows largely perpendicular to shore, and extends
signiﬁcant distances beyond the surf zone (Fig. 3a). This depiction has
had a major inﬂuence on the long standing and globally promotedFig. 1.Rip currents as a coastal hazard: (a) rip current ﬂowing seaward from surf zone near
swimmers at Zuma Beach, California (www.ﬁre.lacounty.gov/lifeguard/rip-currents/); (b)
bathers caught in a rip current at Haeundae Beach, Korea (photo Jooyong Lee); (c) bathers
on exposed sandbar and shoreline in close proximity to rip current channels at
Perranporth Beach, UK (photo Tim Scott). (d) Surfers paddling in a rip current and
associated sediment plumes adjacent to a groyne at Newport Beach, California (photo
Tom Cozad).
Fig. 2. Temporal patterns in the number of rip current publications in international
refereed journals from 1925 to 2016 by theme and sub-themes: (a) Total publications
by theme where THRY = theory; FIELD = ﬁeld measurements; MOD = modelling;
QUAL = qualitative; HAZ = hazard; (b) ‘qualitative’ papers divided into rev = review
and types; (c) ‘ﬁeld’ papers split into: Eul = Eulerian; Lag = Lagrangian; morp =
morphology; remo = remote sensing; sedi = sediment transport; (d) ‘modelling’
papers split into num = numerical modelling; conc = conceptual; phys = physical
laboratory; (e) ‘hazard’ papers split into phys = physical; social; stats = statistical and
DDM= data-driven models/forecasts.
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current (Brander and MacMahan, 2011).
As evident from Fig. 2 there has been a recent and rapid increase in
Lagrangian rip current ﬂow measurements. The development of low-
cost global positioning system (GPS) devices attached to surf zone
drifters (Johnson et al., 2003; Schmidt et al., 2003; Johnson and
Pattiaratchi, 2004; MacMahan et al., 2009) has enabled ﬂeets of drifters
to be deployed in the surf zone providing greater spatial and temporal
coverage of rip current system circulation, often supported by improved
measurements of surf zone bathymetry (MacMahan, 2001). Similar ad-
vances in understanding Lagrangianﬂowbehaviour in rip currents have
been made in the physical laboratory (e.g. Kennedy and Thomas, 2004;
Castelle et al., 2010) and through improved numerical modelling
techniques (e.g. Reniers et al., 2009). Importantly, these advances
have challenged the traditional view of rip current circulation shown
in Fig. 3a. Recent ﬁeld studies using GPS drifters at beaches in California,
theUK, and France (Austin et al., 2010;MacMahan et al., 2010a) indicat-
ed that rather than exiting the surf zone continuously, rip current ﬂow
can be conﬁnedprimarilywithin the surf zone in semi-enclosed vortices
with approximately 20% of drifters per hour exhibiting surf zone exits in
episodic bursts (Fig. 3b). From a hazard perspective, MacMahan et al.
(2010a) also suggested that instead of swimming parallel to the beach
to escape a rip current, bathers might be better off treading water andﬂoating, as the re-circulation would transport them to shallower shoals
on the order of minutes, allowing them to conserve their energy. Simi-
larly, as evident from Fig. 3b, the swim parallel escape strategy may re-
sult in swimming against an alongshore-directed component of the
circulation cell (MacMahan et al., 2010a).
While these new ﬁndings generated a certain degree of debate
within both the scientiﬁc and beach safety community (Brander and
MacMahan, 2011; Miloshis and Stephenson, 2011), a growing number
of subsequent Lagrangian GPS drifter ﬁeld studies (Fig. 2e; Houser et
al., 2013; McCarroll et al., 2014a, 2014b; Scott et al., 2014; Winter et
al., 2014) have shown that the degree of surf zone rip current recircula-
tion can be quite variable with reported surf-zone exit rates per hour
varying from 0 to 100%. Importantly, much of this variability is associat-
ed with the different types of rip currents that can exist along beaches.
1.2. Rip current systems
Rip currents are inherently complex natural systems that can: i)
exist on both planar beaches and those with alongshore three-dimen-
sional morphology; ii) lack morphologic expression, occupy distinct
deeper channels or ﬂow against hard structures; iii) be both transient
or persistent in occurrence and location; iv) exhibit both mean and un-
steady ﬂows; v) vary depending on the angle of wave approach; and vi)
can be conﬁned within the surf zone or extend well beyond the brea-
kers. As shown in Fig. 4, the variability in rip current types is fundamen-
tally dictated by a range of physical forcing mechanisms, controls and
system feedback relationships which act in concert to generate concen-
trated offshore ﬂows in the surf zone.
From both a scientiﬁc and hazard perspective, it is important to note
that different types of rip currents can exist simultaneously on the same
beach, often in close proximity and with similar offshore wave energy
forcing conditions. The degree of nearshorewave shoaling and breaking
is modiﬁed by offshore and/or nearshore morphology controls and the
presence of rigid boundaries (Fig. 4), such as natural headlands or
rock outcrops, or anthropogenic structures such as groynes, jetties and
piers. These modiﬁcations largely determine the spatial and temporal
variability ofwave breaking and subsequent rip current systemﬂow cir-
culation and behaviour, all of which are modulated by changing water
depths associated with varying tidal levels (on tidal beaches). Resulting
rip current ﬂow may also alter nearshore morphology and wave
breaking patterns (Fig. 4).
While several attempts have been made to describe the different
types of rip currents that exist (Short, 1985, 2007; Dalrymple et al.,
2011; Leatherman, 2013), they have sometimes used different termi-
nologies to describe what is often the same type of rip current, which
can potentially lead to confusion and misinterpretation. No formal
classiﬁcation presently exists that has been universally adopted in the
coastal scientiﬁc literature or by beach safety practitioners. This poses
a potential problem for public rip current education efforts in terms
of communicating correct understanding of different rip current
behaviours.
The purpose of this review is to present a classiﬁcation of the differ-
ent types of rip currents that exist on beaches based on their physical
forcing mechanisms, which control rip ﬂow behaviour. It incorporates
results from the many recent ﬁeld, laboratory and modelling efforts
(Fig. 2) that have provided valuable new information on rip current cir-
culation behaviour in varied environments, but have yet to be fully
synthesized in relation to the rip current hazard. It is hoped that the
classiﬁcation will serve as a resource for coastal scientists and non-spe-
cialists with an interest in the rip current hazard and will serve as a
platform for future rip current studies.
2. Background on wave-driven vortical motions in the nearshore
As previously described, rip current ﬂow is driven by alongshore
variations in breaking wave height (Bowen, 1969), but the simple rip
Fig. 3. (a) Traditional view of rip current circulation regime, hereafter referred to as “exit ﬂow”, based on early ﬁeld measurements; (b) the 2010's revision identiﬁes a rip current
circulation regime, hereafter referred to as “circulatory ﬂow”. In both panels, colours indicate the main structural components of the rip current system (photo Y. Lavigne).
5B. Castelle et al. / Earth-Science Reviews 163 (2016) 1–21current structure shown in Fig. 3masks the fact that this alongshore var-
iability, and hence resulting rip current ﬂow behaviour, can arise from a
number of different causes. Here the primary forcing mechanisms re-
sponsible for rip current ﬂow are described in order to provide the
basis for discriminating rip current types in Section 3. Alongshore vari-
ability in time-averaged breaking wave energy dissipation can arise
from a number of causes: (1) alongshore-variable surf-zone bathyme-
try; (2)wave energy focusing enforced bywave refraction over offshore
bathymetric anomalies; and (3) wave shadowing by a rigid boundary.
This is important as these causes, to some degree, all contribute to the
existence of different rip current types.
Wave breaking is themain driving force in surf-zonehydrodynamics
as wave energy loss through breaking transfers momentum that forces
water in the direction of wave propagation. Breaking waves therefore
create a reduction in the wave momentum ﬂux, or radiation stress
(Longuet-Higgins and Stewart, 1964), and force water onshore causing
themeanwater level to ‘set-up’ (Bowen et al., 1968). Alongshore varia-
tions inwave height andwave breaking create spatial variations in radi-
ation stress that manifest as regions of higher wave ‘set-up’ (higher
waves, more intense breaking) and lower ‘set-up’ (lower waves, less
intense breaking). It is the imbalance between the breaking wave
force and the spatial pressure gradients (e.g. Haller et al., 2002) thatWAVE FORCING
OFFSHORE
MORPHOLOGY
OFFSHORE / NEARSHORE
RIGID BOUNDARIES 
WAVE BREAKING
NEARSHORE
RIP CURRENT FLOW
BEHAVIOUR / CIRCULATION 
TEMPORAL / SPATIAL VARIABILITY
TIDE
RIP CURRENT TYPES
RIP CURRENT SYSTEM
Fig. 4. System diagram highlighting interactions between hydrodynamic forcing,
morphology and resultant rip system ﬂow response. Each element within the system
provides feedback to the other, generating a variety of rip current behaviours in both
space and time.result in rip current ﬂow (Fig. 5). In the case of obliquely incident
waves, the wave-driven forcing also drives a longshore current causing
a dominant feeder current and an obliquely offshore-ﬂowing rip
current.
Based on general theoretical analysis of wave-driven currents
and vortex dynamics due to dissipating waves (Buhler, 2000;
Buhler and Jacobson, 2001), Bruneau et al. (2011) derived the
depth-integrated and time-averaged momentum equations to di-
rectly link alongshore variability in breaking wave height to the
existence of vortices in the surf zone. They segregated the rotational
forcing term, which is not possible using the radiation stress ap-
proach. The alongshore gradient in depth-induced wave breaking
dissipation was found to be responsible for a vorticity forcing term
(Fig. 5), which is similar to the imbalance between breaking wave
force and pressure gradients (see Fig. 10 in Castelle et al., 2012). Ac-
cordingly, the alongshore gradients in breakingwave energy dissipa-
tion determine both the strength and sign of the time-averaged
wave-driven circulation rotational nature (Bruneau et al., 2011)
and are a key element to the generation of rip currents.
While the above description addresses the time-averaged hydrody-
namics, and by association the large-scale (O(100m)) quasi-steady vor-
tices, the instantaneous forcing is actually composed of individual
breaking waves that are often short-crested owing to the directional
spread of the wave ﬁeld (Longuet-Higgins, 1957). Short-crested break-
ingwave vorticity forcing is due to along-crest variation in wave energy
dissipation (Peregrine, 1998) where adjacent regions of breaking and
non-breaking wave crests are assumed to form a large differential in
forcing (Fig. 6). These changes in vorticitywith the passage of individual
short-crested breaking waves were recently observed by Clark et al.
(2012) at 10+ m length scales. Following a basic principle of 2D
turbulence that eddy energy cascades to longer length scales through
nonlinear interactions, vorticity injected with the passage of individual
short-crested breaking waves can evolve to longer length scales and
create a wide range of larger-scale (O(100 m)) migrating surf-zone
eddies (Feddersen, 2014).
The alongshore variability in breakingwave energy dissipation, from
time scales of seconds (individual waves) to tens of minutes, is there-
fore a key driving mechanism for rip current ﬂow in the nearshore. In
between these two time scales, surf-zone vorticity forcing also occurs
at the time scale of wave groups (25 s and longer). Accordingly, rip
ﬂow kinematics can be partitioned into mean, infragravity (25–250 s)
and very low frequency (4–30min, VLF) components, with the tide fur-
ther modulating rip ﬂow velocity (MacMahan et al., 2006; Austin et al.,
2010; Bruneau et al., 2009). However, although alongshore variability in
breaking wave energy dissipation is crucial to rip current generation,
other mechanisms can generate vortices and rip currents in the
nearshore.
Nearshore vortices can also be generated by the instability of in-
tensely sheared currents (e.g. Oltman-Shay et al., 1989; Ozkan-Haller
and Kirby, 1999; Noyes et al., 2004). For instance, shear instabilities of
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actions of vortices with vortex pairs frequently being shed offshore
(Ozkan-Haller and Kirby, 1999). Finally, longshore currents generated
by oblique waves may be physically deﬂected seaward when they col-
lide with a rigid boundary (e.g. headland, groynes) or an opposite
longshore current, therefore forming a seaward-oriented jet.3. Surf-zone rip current type classiﬁcation based on physical forcing
mechanism
In this section we deﬁne common and generic rip current types
based on an understanding and interpretation of the different funda-
mental mechanisms involved in driving rip current ﬂow. Recently, rip
currents have been differentiated based on whether they occur on
open coast or embayed beaches, with the former being far away from
permanent topographic features such as headlands or coastal structures
(MacMahan et al., 2010a; Dalrymple et al., 2011; Scott et al., 2014). In
reality, this distinction is misleading asmany embayed beaches support
rip currents that are not adjacent to physical boundaries and exhibit the
same characteristics as open coast rip currents. Similarly the terms
‘ﬁxed’ and ‘permanent’ have been used both formally and informally
to describe channelized rips (e.g. Short, 2007; Brander and
MacMahan, 2011), but in reality all rips can vary in size and location.
Of note, rip currents driven by swash processes are not described in
this review because of their limited importance on coastal hazards.
These small-scale rips, sometimes referred to as mini-rips (e.g. Russell
and McIntire, 1965) or swash rips (e.g. Dalrymple et al., 2011), ﬂow
through the centre of O(10 m) spaced cusps on steep beaches (Fig. 7)
as wave uprush diverges at the cusp horns driving concentrated back-
wash streams (Masselink and Pattiaratchi, 1998).
Here we seek to avoid terminology ambiguity by describing three
broad categories of surf-zone rip currents based on the dominant con-
trolling forcingmechanism.While it is important to note that all rip cur-
rent types are driven by hydrodynamics: i) purely hydrodynamic rips
exist solely due to hydrodynamic forcing mechanisms in the absence
of anymorphologic controlwhatsoever and are spatially and temporally
variable in occurrence; ii) bathymetric rips are driven by hydrodynamic
processes strongly inﬂuenced by natural variability in alongshore three-
dimensional (vertical)morphology in both the surf zone and inner shelf
zone; and iii) boundary rips are dominated by the inﬂuence of rigid lat-
eral boundaries, such as natural headlands or anthropogenic structuresFig. 5. Conceptualized time-averaged vortical ﬂow driven in the(groynes, piers), on their hydrodynamic forcing. Each category is char-
acterized by different rip current types that are now described in detail.
3.1. Hydrodynamically-controlled rip currents
Controlled solely by hydrodynamic forcing, these rip currents differ
from all other rip types and are restricted to featureless (alongshore-
uniform) beaches, or planar sections of beaches (e.g. low tide terraces,
seaward slopes of sandbars). They are transient in occurrence in space
and time and are therefore very unpredictable. Hydrodynamically-con-
trolled rip currents have been studied for some time (e.g. Bowen, 1969),
but debate exists regarding their exact drivingmechanisms (Dalrymple
and Lozano, 1978; Sasaki and Horikawa, 1978; Dalrymple, 1975; Bowen
andHolman, 1989). Only recently has the pioneeringwork of Feddersen
(2014) shed light on hydrodynamic rip generation, allowing a clear dis-
crimination of two different driving mechanisms and, as a result, two
different hydrodynamically-controlled rip current types (Fig. 8).
3.1.1. Flash rips
On alongshore-uniformopen beaches, changes in vorticity at 10+m
length scales with the passage of individual short-crested breaking
waves (Peregrine, 1998; Clark et al., 2012) result from the natural
directionally spread wave ﬁeld (Cavaleri et al., 2007). A fraction of this
short-scale vorticity is dissipated through bottom friction and another
fraction cascades to larger length scales (Spydell and Feddersen,
2009a, 2009b), evolving into a wide range of larger-scale (O(100 m))
migrating surf-zone eddies (Feddersen, 2014). Flash rips, are the episod-
ic and unpredictable bursts of water jetting offshore associated with
these transient surf-zone eddies (Fig. 8a, b). While our understanding
of the dynamics and primary driving mechanisms of ﬂash rip currents
and surf zone eddies on alongshore-uniform open beaches has im-
proved recently (Johnson and Pattiaratchi, 2006; Spydell and
Feddersen, 2009a, 2009b; Clark et al., 2010, 2011; Feddersen, 2014),
their frequency of occurrence and associated wave conditions
(e.g. wave height, period, angle of incidence and directional spread)
remains poorly understood. This is partly due to the lack of existing
ﬁeld data spanning a wide range of wave and morphological
conditions (Murray et al., 2013; Castelle et al., 2014a) owing to their un-
predictable nature. However, in general, ﬂash rips have been found
(Murray et al., 2013; Castelle et al., 2014a) to: (1) have a relatively
short lifespan (2–5 min); (2) tend to migrate downdrift; and (3) occurnearshore by alongshore variation in breaking wave height.
Fig. 6. Deﬁnition of short crested breaking wave vorticity (photo Eric Sterman, after Clark et al., 2012).
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plunging breakers and near-normal wave incidence.
3.1.2. Shear instability rips
On alongshore-uniform open beaches, obliquely incident waves
drive alongshore surf zone currents. It is well established that longshore
currents can be unstable as they may experience shearing in the cross-
shore direction (Oltman-Shay et al., 1989; Bowen and Holman, 1989;
Dodd and Thornton, 1990; Putrevu and Svendsen, 1992; Feddersen,
1998). Subsequent detailed process-based modelling studies (Ozkan-
Haller and Kirby, 1999) showed that shear instabilities of the longshore
current exhibit unsteady longshore progressive vortices (shear or vor-
ticity waves) with timescales of O(100 s) and length scales of
O(100 m) with vortex pairs being frequently shed offshore. These
shear instabilities are also associatedwith locally strong and narrow off-
shore ﬂowing currents migrating downdrift, hereafter referred to as
shear instability rips (Fig. 8c, d).
While shear instabilities of the longshore current have long been
thought to be the only driving mechanism for non-ﬁxed rip currents,
their expected prominent role in the generation of migrating surf zone
eddies has been recently challenged. Using state-of-the-art numericalFig. 7. Swash rips ﬂowing through the centre of beach cumodelling, Feddersen (2014) investigated the relative importance of
shear instabilities of the longshore current and breaking wave vorticity
in forcing surf zone eddy generation. Feddersen (2014) concluded that
in most natural surf zones the shear instability eddymechanism is neg-
ligible compared to breakingwave vorticity dynamics, except in the rare
case of very narrow-banded, highly-oblique and high-energy waves
(Fig. 8d). The ﬁeld study presented in Castelle et al. (2014a) showing
decreasing non-ﬁxed rip activity with increasing longshore current in-
tensity (up to 0.65 m/s) is in agreement with the numerical results of
Feddersen (2014). Accordingly, based on existing knowledge, it can be
assumed that shear instability rips are uncommon and only occur on
alongshore-uniformbeacheswhen exposed to highly obliquely incident
ocean swells.
3.2. Bathymetrically-controlled rip currents
Bathymetrically-controlled rip currents are, for a givenwave regime
and tidal elevation, relatively persistent in space and time. The location
and nature of morphologic control leads to different hydrodynamic
forcing mechanisms such that two types of bathymetrically-controlled
rip currents can occur (Fig. 9): (1) channel rips that are forced bysps at Bells Beach, Australia (photo Bruno Castelle).
Fig. 8. Examples of hydrodynamically-controlled rip currents: (a) schematic of ﬂash rip currents with predominant shore-normalwave approach; (b) ﬂash rip current at Zuma, California
(photowww.ﬁre.lacounty.gov/lifeguard/rip-currents/; (c) shear instability rip currents with obliquely incident narrow-bandedwaves and strong alongshore current; (d) shear instability
rip currents (curved sediment/water plumes past second inlet) at Newport Beach, California (photo Tom Cozad).
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focused rips which are forced by shoaling wave processes determined
by morphologic features in the outer surf zone and shoaling zone.
3.2.1. Channel rip currents
Channel rips are the most documented and well understood rip cur-
rent type given their predictable nature, relative logistic ease of mea-
surement and worldwide ubiquity (Brander and Scott, 2016). They are
associated with intermediate beach states (Wright and Short, 1984)
and occupy deep channels between surf zone sandbars (Short, 2007;
Dalrymple et al., 2011). Surf zone sandbars are ridges of sand, typically
found in b10-m water depth along many wave-exposed coasts (e.g.
Van Enckevort et al., 2004), that most of the time exhibit quasi-regular
undulation in their depth and cross-shore position. They are often in-
cised by rip channels with depth, spacing and width of O(1 m, 100 m
and 10 m) respectively (e.g. Short and Brander, 1999; Turner et al.,
2007; Thornton et al., 2007; MacMahan et al., 2010a; Gallop et al.,
2011). Channel rips are hence driven by alongshore variation in break-
ing wave energy dissipation due to alongshore variability in water
depth (Bowen et al., 1968; Haller et al., 2002; Bruneau et al., 2011)
with offshore jets of water occupying deeper channels where depth-in-
duced breaking is less intense or absent (Figs. 3, 9a, b), the primary dif-
ference between channel rips and ﬂash rips being the spatial stability
and persistence of the short-crested breaking wave forcing.
Channel rips can be relatively stationary in position over temporal
periods of days, weeks, and sometimes months. Of note, while most
channel rips are associated with mobile sandy bottoms, they can also
occur across alongshore-variable shore platforms and fringing reefs
through incised channels, in which case they are almost permanent in
location. Although these rip currents have sometimes been referred to
as ‘reef rip currents’ (de Leon et al., 2008), their primary driving mech-
anism is essentially the same as on sandy beaches and are therefore
classiﬁed as channel rips. Channel rips onmobile substrates are typicallyformed under near shore-normal incident waves with longer wave
periods, but have been observed in wind-sea environments with a
large (≈100 m) rip channel width (e.g. Short and Brander, 1999;
Winter et al., 2014). A notable characteristic of channel rips is a tidal
modulation in ﬂow velocity (see Section 4.2), with channel rips there-
fore appearing and reappearing in the course of a tidal cyclewhilemain-
taining the same location.3.2.2. Focused rips
Focused rips also occur in ﬁxed locations due to alongshore variabil-
ity in breaking wave height and breaking wave angle. However, in con-
trast to channel rips, this variability is caused by the presence of offshore
bathymetric anomalies in the outer surf zone or inner shelf (Fig. 9c, d)
typically in O(10 m) water depth, meaning that focused rips can occur
on featureless (alongshore-uniform) surf zone beaches. Offshore
alongshore bathymetric anomalies are typically sorted bedforms
(e.g. Cacchione et al., 1984; Coco et al., 2007), transverse ridges
(Houser et al., 2011) or may be isolated geologic features such as sub-
marine canyons incising into the nearshore zone (e.g. Belderson and
Stride, 1969; Shepard, 1981; Mazieres et al., 2014). On multiple-barred
beaches, the alongshore-variable outer (more seaward) bar(s) can also
act as bathymetric anomalies (see also Section 3.4.2). Assuming the
presence of obliquely incident waves propagating over these features,
wave refraction will result in an alongshore variable breaking wave
height and angle creating opposing alongshore currents that deﬂect off-
shore as a rip current (Fig. 9c). This forcing mechanism is described in
more detail by Long and Özkan-Haller (2005, 2016) for focused rip cur-
rents generated at La Jolla, California caused by an offshore submarine
canyon. Of note, this is the same location as the early Lagrangian rip cur-
rent studies by Shepard et al. (1941) and Shepard and Inman (1950,
1951), which resulted in the traditional depiction of rip current ﬂow
structure shown in Fig. 3.
Fig. 9. Examples of bathymetrically-controlled rip currents: (a) schematic of channel rip currents ﬂowing offshore over a rip head bar or through an incised channel between sand bars
with predominant shore-normal wave approach; (b) channel rip current at Marina Beach, California (photo Rob Brander); (c) schematic of focused rip currents showing offshore
bathymetric hole; (d) focused rip currents (sediment plumes) at Blacks Beach, California (photo Tom Cozad).
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where depth-induced wave breaking is less intense (Fig. 9c, d). While
they are relatively ﬁxed in location for given tide and wave conditions,
they can strongly shift location alongshore with different angles of
wave incidence and wave periods. Focused rips are favoured by large
bathymetric anomalies close to shore and long period waves that en-
hance wave refraction and resulting alongshore variability in breaking
wave height and angle. Focused rips also tend to disappear with large
wave angles as dominant and intense longshore currents tend to over-
whelm the surf zone eddies (Long and Özkan-Haller, 2016).
3.3. Boundary controlled rip currents
Many beaches are characterized by the presence of natural rigid fea-
tures, such as headlands and rock outcrops, and anthropogenic struc-
tures, such as groynes, jetties and piers (Short, 1992; Scott et al.,
2011a). These physical boundaries effectively exert a lateral bathymet-
ric control on the generation of rip current ﬂow adjacent to them. Two
distinctly different forcing mechanisms can be discriminated, depend-
ing on which side of the obstacle is considered in relation to incident
waves approaching at oblique angles (Fig. 10). Shadow rips occur on
the down-wave side of a rigid boundary, whereas deﬂection rips occur
on the up-wave side of a boundary. However, regardless of the forcing
mechanism involved, boundary rip currents are always characterized
by rip current ﬂows against the structure, which also makes them per-
sistent in location.
3.3.1. Shadow rips
On alongshore-uniform beaches exposed to obliquely incident
waves, the presence of a rigid obstacle results in alongshore variations
inwave height andwave energy dissipation due to thewave shadowing
effect of the obstacle. (Fig. 10a). The result is an offshore ﬂowing jet oc-
curring against the boundary in the lee of the incident waves (Gourlay,1974; Pattiaratchi et al., 2009; Castelle and Coco, 2012; Scott et al.,
2016). Numerical modelling studies (e.g. Pattiaratchi et al., 2009) have
shown that for obliquely incident waves shadow rip activity increases
with increasingwave height, period and angle to shore. For normally in-
cident waves, shadow rip activity also increases with increasing
directional spreading of the incident wave ﬁeld (Castelle and Coco,
2012). Because shadow rips are controlled by the geometry of the
wave shadowing region, the shape and cross-shore extent of the rigid
boundary are crucial to the formation and characteristics of shadow
rips. Although shadow rips are ubiquitous along natural rugged and/or
trained coasts, detailed ﬁeld studies of shadow rip ﬂows are scarce,
with the notable exceptions of Pattiaratchi et al. (2009) and McCarroll
et al. (2014b) in the lee of a groyne and headland, respectively.
3.3.2. Deﬂection rips
Deﬂection rips also occur on alongshore-uniform beaches character-
ized by the presence of a rigid obstacle (Fig. 10b). However, their driving
mechanism is very different, as strong alongshore currents generated by
oblique waves are physically deﬂected seaward when they encounter
the obstacle (Dalrymple et al., 2011; Castelle and Coco, 2013; Scott et
al., 2016). More studies of deﬂection rips compared to shadow rips
exist due to their predictable nature (McCarroll et al., 2014b) and
their relatively easier reproduction using physical and numerical
models (Wind and Vreugdenhil, 1986; Silva et al., 2010; Scott et al.,
2016).
3.4. Other rip current types
3.4.1. Some common mixed rip current types
Although it is easier to describe and classify rip currents as isolated
types, in reality many rip currents form through a mixture of driving
mechanisms. Rip currents that are associated with small surf-zone
bathymetric anomalies (e.g. MacMahan et al., 2008) can incorporate
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contribution of time-averaged surf-zonemorphology controlled forcing
and instantaneous forcing, these mixed channel-ﬂash rips can occur in
variable locations in the vicinity of the subtle channel (Fig. 11a).
Inner-bar rips are another example of a mixed rip type occurring
along double-barred beaches (e.g. Lippmann and Holman, 1990;
Aagaard, 1991; Short and Aagaard, 1993; Castelle et al., 2007; Price
and Ruessink, 2011; Scott et al., 2011b). In these inner-bar systems,
mixed focus-channel rip currents are driven in part by the alongshore
variation in breaking wave height due to the alongshore variability in
depth of the inner bar, but also due to wave refraction and potentially
depth-induced wave breaking across the outer bar(s) (Fig. 11b). As
boundary (deﬂection and shadow) rips form against natural or anthro-
pogenic structures, they are essentially spatially persistent and under
certain conditions can scour a channel against the structure
(e.g. Castelle and Coco, 2012; Loureiro et al., 2012a). As a result of this
channel deepening, both types of boundary rip current ﬂows can also
be driven by the alongshore variability of breaking wave height
resulting from the irregular surf zonemorphology (Fig. 11c). According-
ly, overmobile sandy substrates,most boundary rips adjacent to natural
and anthropogenic structures are typically mixed boundary-channel
rips (Short, 1992).
3.4.2. Embayed-cellular rips (channel and embayment boundary)
An important type of rip current resulting from different forcing
mechanisms is exclusive to pocket or embayed beaches if the embay-
mentwidth is narrow compared to surf-zonewidth. In this case, cellular
rip currentsoccurwhen the rigid boundary dominates circulationwithin
the entire embayment (Short andMasselink, 1999). Cellular rips gener-
ally occur at either the centre of the embayment or at one or both ends
(Fig. 12), depending on the shape and cross-shore extent of the bound-
ary, wave conditions and beach curvature (Castelle and Coco, 2012).
Driving mechanisms responsible for cellular rip formation are aFig. 10. Examples of boundary rip currents: a) schematic of a shadow rip current in the lee of an
c) deﬂection rip current adjacent to obstacle on downwave side of beach; d) deﬂection rip cu
current-never.html).combination of shadowing, deﬂection and channelization to various de-
grees, together with the alongshore circulation within the embayment
being additionally constrained by the alongshore embayment length.
Cellular rips are particularly common during storm wave conditions
(e.g. Loureiro et al., 2012b) and have often been named ‘mega-rips’
due to their large spatial scales (Wright, 1978; Short, 2007). However,
embayed-cellular rips can also occur for low- to moderate-energy
wave conditions within narrow embayments.3.5. Rip types summary
Six fundamental surf-zone rip current types have been deﬁned
based on the dominant physical driving mechanism. It is important to
recognize that these discrete rip types form key elements in a complex
spectrum where, in real-world scenarios, the various forcing mecha-
nisms often combine to produce an integrated and dynamic ﬂow re-
sponse. Therefore, four of the most common mixed rip current types
were also deﬁned as examples of the complex reality. Fig. 13 provides
a conceptual summary of the rip current types just described, highlight-
ing the principal forcing connections associated with waves, tides and
morphology.
Examination of the scientiﬁc literature on rip currents between 1925
and 2016 indicates that 236 publications were related directly to one or
more of the rip current types described above (see Supplementary Ma-
terial). As shown in Fig. 14 the vast majority of studies have focused on
bathymetrically-controlled rip currents, predominately channel rips
(Fig. 14b) largely due to their prevalence, logistical ease of measure-
ment and relatively easier modelling replication (Section 3.2.1). Other
rip current types have received signiﬁcantly less attention over time al-
though a noticeable increase in studies related to boundary (Fig. 14c)
and mixed rip current types is evident since 2010 (Fig. 14d). Dedicated
studies on hydrodynamically-controlled rip currents remain few,obstacle (upwave side); b) shadow rip against Ponce Inlet Jetty, Florida, US (www.bv.com);
rrent at Newport Beach, California, US (http://www.ocregister.com/articles/rip-130324-
Fig. 11. Examples of mixed rip current types: (a) channel-ﬂash rip occurring through a
weakly developed channel in SW France (photo Vincent Marieu); (b) focus-channel rip
currents occurring through the inner-bar rip channels on the double-barred sandy
beach of Truc Vert, SW France. The dotted line outlines the alongshore variable outer
crescentic bar which forces variable alongshore wave breaking on the inner-bar through
wave refraction and breaking across shallow bar horns (photo Philippe Larroudé); (c)
boundary/channel rip current against a headland ﬂowing through a deep channel at
Bondi Beach, Australia (photo Rob Brander).
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have been made on ﬂash rips in recent years (Fig. 14a).4. Rip current ﬂow response to variations in forcing
The previous section introduced idealised rip types categorised by
primary forcing mechanism. This section examines how these rip
types respond to changes in forcing magnitude in terms of spatial and
temporal ﬂow response. Forcing mechanisms include waves (height,
period, direction, angle, directional spread), morphology (channel
spacing, alongshore non-uniformity, boundary dimensions) and tide
(water level). Expected rip ﬂow response is describedwith regard to ve-
locity modulation, circulation regime, and force-response relationships
for each major rip type grouping and mixed rip type.4.1. Hydrodynamically-controlled rips
The key force-response relationships that drive purely hydrody-
namic rips on planar beaches are complex and still poorly
understood compared to other rip types. While recent ﬁeld and nu-
merical studies have provided new insight into ﬂash rip behaviour
(e.g. Spydell et al., 2014; Feddersen, 2014; Hally-Rosendahl et al.,
2014, 2015), shear instability rips have received little attention
because of their scarcity.
Hydrodynamic rips are random in time and location, with time-av-
eraged cross-shore currents summing to near-zero within the surf
zone (e.g. Spydell et al., 2007) making mean velocity a poor indicator
of ﬂow response. A better indicator is low-frequency variability about
the mean velocity (e.g. Spydell et al., 2014; MacMahan et al., 2010b),
or variability in vorticity (Spydell and Feddersen, 2009a, 2009b). Direc-
tional spreading of the incident wave ﬁeld has been found to impact
eddy velocities, although with contrasting conclusions (Spydell and
Feddersen, 2009a, 2009b; MacMahan et al., 2008; Suanda and
Feddersen, 2015; Spydell et al., 2009). In addition, phase-resolving
wave modelling examining the likelihood of ﬂash rip formation from
transient eddies (Johnson and Pattiaratchi, 2006) found that wave peri-
od, directional spread and beach slope all inﬂuenced transient rip for-
mation, velocity and duration. However, these relationships were
unclear and require further investigation. A weak positive correlation
between wave height and transient eddy velocity has been robustly
demonstrated through observations and numerical modelling
(MacMahan et al., 2010b). Eddy velocities peak around the mid-surf
zone (Suanda and Feddersen, 2015) with ﬂash rip velocities decreasing
rapidly outside the surf zone (MacMahan et al., 2010b). Little is known
about shear instability rips, but they are expected to increase in intensi-
ty with increasing angle of wave incidence, wave height and wave
period.
A strong relationship has beenmodelled between the cross-shore
extent of ﬂash rips (relative to surf zone width) and the Iribarren
number (Suanda and Feddersen, 2015) indicating that steep beaches
with low steepness waves may exhibit ﬂash rips extending many
surf zone widths offshore (exit-ﬂow regime). Transient eddies and
ﬂash rips are the primary mixing mechanism in the surf zone and
near inner-shelf (Feddersen, 2014; Spydell and Feddersen, 2009a,
2009b). Therefore, ﬂash rip dynamics have often been studied
through diffusivity (spreading) rates, typically ranging from 0.5–4
m2/s (Johnson and Pattiaratchi, 2004; Clark et al., 2010; Spydell et
al., 2009), mostly duringmoderate wave forcing. While it is expected
that wave height and directional spreading are key drivers, further
observations in more variable wave conditions are required to con-
strain the force-response relationships of ﬂash rips. To our knowl-
edge, circulation regime of shear instability rips has never been
addressed although existing simulations and qualitative observation
suggest a clear exit-ﬂow circulation regime.
Fig. 12. Schematics (top panels) and examples of cellular rip currents occurring (a, d) at the centre of an embayment at Aileens, County Claire, Ireland (photo Tim Scott); (b, e) at both ends
of the embayment at Arrifana, Portugal (photo Carlos Loureiro); and (c, f) at one end of the embayment at Saint James Point, Australia (photo Andrew Short).
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Given existing research bias (Fig. 14), channel rip circulation and
velocity response is well documented. Numerous ﬁeld studies
(e.g. Brander and Short, 2000, 2001; Castelle and Bonneton, 2006;
MacMahan et al., 2006; Austin et al., 2010) have demonstrated that
rip ﬂow velocity increases with increasing wave height and/or decreas-
ing water depth (over sandbar crest), modulated by tidal level (hours)
or changing beach morphology (month–years). Tidal modulation of
rip ﬂow velocity is due to changing breaking wave patterns associated
with different water levels (Austin et al., 2010; Scott et al., 2014) with,
on sandy beaches, maximum rip current activity tending to occur
around low tide (e.g. Aagaard et al., 1997; Brander and Short, 2001;
MacMahan et al., 2006; Houser et al., 2013; Austin et al., 2014;
Bruneau et al., 2014; Scott et al., 2014). Rip ﬂow velocities have also
been well correlated with rip channel morphology (e.g. Brander, 1999;
McCarroll et al., 2014b)with ripﬂowvelocity increasingwith increasing
alongshore variability of surf-zone morphology (Castelle et al., 2010).
From a physical perspective, increases in wave height or the relative
depth between bar and rip channel will act to increase the alongshore
gradient in onshore breaking force, resulting in greater setup onshore
of bars and a stronger pressure gradient to drive rip ﬂow. Overall, chan-
nel rip ﬂow velocity increases asymptotically under increasing wave
height (Fig. 15a, Castelle et al., 2014b) to the point of outer surf zone sat-
uration with reduced alongshore variability of wave breaking. Physical-
ly, the alongshore gradient in onshore breaking force is reduced asmore
waves begin to dissipate in the channel through depth- and current-in-
duced breaking. Channel rip velocity also typically increases with
increasing wave period (Castelle et al., 2006). For more information
on velocity force-response scaling in channel rips, see Fig. 10 in
MacMahan et al. (2006).
Lagrangian drifter measurements in micro- and meso-tidal channel
rip systems have shown that under normally incident waves approxi-
mately 15–20% of drifters per hour can exit offshore (MacMahan et al.,
2010a). However, observed exit rates in channel rips can exhibit a
large exit rate variability (0–73%) throughout a range of wave/tide con-
ditions (Houser et al., 2013; McCarroll et al., 2014b; Scott et al., 2014),
with very low frequencymotions (VLFs) and resulting eddies detaching
from themain rip current considered as the primary exitmechanism for
circulatory ﬂowbehaviour (Reniers et al., 2010;McCarroll et al., 2014b).Reniers et al. (2009) deﬁned an exit parameter for channel rips on a sin-
gle-barred beach based on modelling and ﬁeld measurements. Virtual
drifter exits were positively correlated with surf zone width and in-
versely correlated with wave height and period. This relationship was
shown to underestimate exit rates when applied to other ﬁeld datasets
(McCarroll et al., 2014b). Based on drifter observations,MacMahan et al.
(2010a) hypothesized that a morphodynamic threshold may exist for
cross-shore exchange in channel rips where larger waves (breaking fur-
ther offshore) induce coherent vortices on the order of surf zone
dimensions encouraging recirculation and reducing surf zone exits.
Scott et al. (2014) observed that drifter exit behaviour at a double
barred beachwith channel rips scaled inverselywith a relativewave en-
ergy factor (HsTp=HsTp, where HsTp is the multi-year long-termmean).
Scott et al. (2014) determined that wave energy factors below the aver-
age (0.5–1)were associatedwith high exit rates and associatedwith de-
creased morphodynamic coupling to a rip system with morphological
length scales in equilibrium with the long-term mean wave forcing
and circulation. Therefore the surf zone is narrowed as the outer bar is
effectively removed from the process domain (Fig. 16). Physically,
under lower waves the absence of breaking in the channel reduces on-
shore forcing through Stokes drift and broken wave bores, allowing a
dominating exit ﬂow. For larger waves when intermittent breaking is
occurring offshore of the rip channel due to low frequency wave
group variability, the latter onshore forcing is increased with ﬂow re-
gime regularly switching between exit and circulatory ﬂow.
Recent laboratory (Castelle et al., 2010) and numerical modelling
(Castelle et al., 2014b) studies have revealed how channel spacing also
controls circulation regime. Rip channel spacing typically varies be-
tween 50 and 500 m on natural beaches (Short and Brander, 1999;
MacMahan et al., 2006) and Castelle et al. (2014b) showed that under
constant shore-normal moderate wave forcing the ratio of surf zone
width Xs to rip spacing λ exerted a signiﬁcant control on surf zone exit
rates. Xs/λ represents a measure of the alongshore constraint of the
large-scale vortices associated with the rip currents (Fig. 15a). Below a
threshold of about Xs/λ= 1, increased rip spacing relative to Xs rapidly
increased exit rates (Castelle et al., 2014b). This has also been observed
in the ﬁeld by Houser et al. (2013) andMcCarroll et al. (2014b). Simula-
tions by Castelle et al. (2014b) also indicated that weak rips appear to
ﬂush more ﬂoating material out of the surf zone than strong rips
(Fig. 15), supporting the ﬁeld results of Scott et al. (2014).
Fig. 13. Summary diagram showing the rip type classiﬁcation framework.
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pendant of the degree of focusing, wave energy and alongshore length
scales involved. The location and strength of rip ﬂows are modulated
bywave height, period and angle of incidencewhereﬂowvelocities typ-
ically increase with greater degrees of wave focusing through increased
wave period and wave height (Long and Özkan-Haller, 2016). Long and
Özkan-Haller (2016) also demonstrate that the direction of offshore
waves is the primary parameter controlling the occurrence of focused
rips, with waves approaching with large angles of incidence inducing
a strong longshore current that dominates the nearshore circulation.Focused rip circulation is typically characterized by exit ﬂow regime
with ﬂow extending well beyond the surf zone (Shepard and Inman,
1950; Long and Özkan-Haller, 2005, 2016), although offshore rip ﬂow
extension appears to decrease with increasing angle of wave incidence
(Long and Özkan-Haller, 2016).
4.3. Boundary-controlled rips
Wave height, wave direction and boundary geometry all play key
roles in controlling both rip current ﬂow velocities and circulation
Fig. 14. Temporal progression in the number of publications between 1925 and April 2016
related to the rip current types described in Section 3. Rip type abbreviations: Channel
(Chann), Focused (Focus), Deﬂection (Deﬂc), Shadow (Shad), Channel-Flash (ChaFla),
Focus-Channel (FocChn), Boundary-Channel (BndChn), Embayed-Cellular (EmbCel).
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ships are reasonably straightforward. For shadow rips, the wave angle
to shore normal and boundary geometry itself determine the degree
of wave shadowing and therefore the gradient of alongshore wave dis-
sipation driving boundary rip ﬂow circulation (Pattiaratchi et al., 2009).
In the case of deﬂected boundary rips, both breaking wave angle and
wave height control longshore current strength and therefore off-
shore-directed rip current ﬂow velocity. The relative length of the
boundary structure (Lg) (e.g. headland or groyne) to surf zone width
Xs is a key control on ﬂow dynamics (Scott et al., 2016).
Only recently has boundary rip current circulation been studied in
detail (Fig. 14c). Observations and modelling of deﬂected rip ﬂows
around groyne ﬁelds by Scott et al. (2016) showed three clear circula-
tion regimes (Fig. 17a): 1) where 0 b Lg/Xs b 0.5, no signiﬁcant offshore
deﬂection occurs and rip ﬂow velocity is close to the natural alongshore
current velocity; 2) increasing groyne length to 0.5 b Lg/Xs b 1.25, rip
ﬂow velocity is maximized as alongshore ﬂow around the boundaryFig. 15. Relationships between ﬂow response, wave forcing (surf zonewidth) and rip channel s
surf zone exit rate (E) using XBeachmodel (Roelvink et al., 2009),with variable shore normalw
red and rip ﬂow velocity (Urip) in blue. Right panel shows synoptic examples of model results w
surf zone limit. Middle panel provides real-world example of the simulated behaviour in westtip is compressed within the surf zone, offshore deﬂection increases,
but typically remains part of meandering alongshore current; and 3)
when Lg/Xs N 1.25 offshore deﬂection and exit behaviour rapidly in-
creases and rip ﬂow velocity decreases to a quasi-constant speed as
ﬂow is fully deﬂected and no momentum is exchanged to the
downwave embayment. Modelling and laboratory studies (Wind and
Vreugdenhil, 1986; Castelle and Coco, 2013) and ﬁeld experiments in
both wind-wave groyne ﬁelds (Scott et al., 2016) and swell-dominated
headland embayments (McCarroll et al., 2014b) show that deﬂection
rips are typically associated with very high exit rates, often with
offshore mean ﬂow pattern extending multiple surf zone widths
offshore (Fig. 17b).
In contrast, shadow rips are characterized by strongly (weakly)
recirculating rips in energetic swell (low-energy wind) wave environ-
ments (Fig. 17b). Maximum exits occur when the active boundary
length is greater than the surf zone width (Lg/Xs N 1) (Castelle and
Coco, 2014; Scott et al., 2016; Fig. 17a). Only two studies have addressed
the behaviour of deﬂection and shadow ripswithin a single embayment
(Castelle and Coco, 2013; McCarroll et al., 2014b) enabling comparison
between types under the same wave forcing. Using numerical simula-
tions, Castelle and Coco (2013) found that in embayments dominated
by boundary rips, exit rates were greater than channel rips. McCarroll
et al. (2014b) also measured two headland boundary rips simulta-
neously within the same embayment (Fig. 18) and observed N80% exit
rates from the downstream deﬂection rip (typically a concentrated off-
shore jet with exit ﬂow regime) and only 22% exit rates from the up-
stream shadow rip, which was dominated by a circulatory ﬂow regime.
4.4. Mixed rip types
In reality, all surf zones exhibit directionally spread, variable wave
forcing (MacMahan et al., 2010b), therefore all rip types experience var-
iable breaking wave vortical forcing (Fig. 6). For channel rips, the tran-
sient surf zone eddies generated by wave breaking interact with the
mean ﬂow and result in variable ﬂow behaviour in the very low fre-
quency (VLF, O(10 min)) band (MacMahan et al., 2010b). The ﬂash-
channel continuumcan be analysed by examiningmean velocity, forced
by differential wave breaking, as well as variable velocity and circula-
tion, related to transient eddies. In a laboratory model, Castelle et al.
(2010) examined Lagrangian ﬂow across a full downstate transition,
from a rhythmic bar to an attached terrace. In this case, higher
alongshore bathymetric non-uniformity was associated with higher
mean velocities and greater velocity variability through pulsing. By op-
position, more planar beach states exhibited lower mean velocities and
greater directional variability, which is in line with more recent works
(e.g. Murray et al., 2013; McCarroll et al., 2016a).pacing (adapted from Castelle et al., 2014b). Left panel showsmodelled response of hourly
ave forcing (surf zonewidth is Xs) and ﬁxed channel spacing (λ) of 200m. Exit rate (E) is in
ith both narrow and wide surf zones. Virtual drifters are black dots and red dashed line is
Cornwall, UK (photos Timothy Scott).
Fig. 16. Synthesis of ﬂow behaviours from validated XBeach model simulations over measured bathymetry at Perranporth Beach in the UK showing how wave forcing (HsTp=HsTp) can
control circulation regime over a rip-channelled morphology (adapted from Scott et al., 2014). Greyscale is wave dissipation from high (black) to low (light grey).
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beaches Scott et al. (2014) show that with increasing wave height,
breaking throughout the outer and rip head bar system can enclose
the inner rip system and induce onshore ﬂows (reduced alongshore
gradient in wave breaking along outer bar) that can reduce offshore ex-
change (Fig. 16; Mode 4). Recent studies have also suggested that the
combination of channel rips and focused rips, derived from bathymetric
anomalies in the inner-shelf, can affect exit rates. Rip circulation cells
can extend well beyond the surf zone limit in the lee of the anomaly
and between wave focusing hotspots (Castelle et al., 2014b), providing
a conduit or barrier for transporting ﬂoating material out of the surf
zone and into the inner shelf region. Overall, these recent studies high-
light that circulation regime of channel rips can be strongly inﬂuencedFig. 17. (a) Summary of force-response relationships of deﬂection rips at Boscombe beach,
UK (adapted from Scott et al., 2016). (b) Simulation of Shadow and deﬂection rips
showing clear circulatory and exit ﬂow regimes, respectively. Surf-zone edge is dashed
(adapted from Castelle and Coco, 2014).by offshore bathymetric anomalies (e.g. rip head bar, outer bar, canyon),
which characterizes mixed focus-channel rip types.
On embayed beaches, rip ﬂowbecomes increasingly embayed-cellu-
lar with increasing wave height and decreasing embayment size (Short
and Masselink, 1999; Castelle and Coco, 2012). Simulations by Scott et
al. (2016) and Castelle and Coco (2012) identiﬁed that the prevalence
of a downwave deﬂection rip typically diminisheswith reduced embay-
ment width for both groyne ﬁelds and headland embayments respec-
tively (see Fig. 17a). Ultimately, circulation becomes cellular (Fig. 12).
Higher exit rates occur through the shadow rip, in contrast with tradi-
tional shadow rip circulation regime, as the longshore current does
not have enough room to develop within the embayment (Castelle
and Coco, 2013). Fig. 19 illustrates how overall exit rates within embay-
ments were found to increase with decreasing embayment width Ls in
numerical simulations (Castelle and Coco, 2013). Although thresholds
in δ have not been systematically veriﬁed (McCarroll et al., 2016b),
this work demonstrated that embayed beaches have systematically
higher exit rates than typical open beach channel rips and that ﬂoating
material is also more rapidly expelled from the surf zone. Exit ﬂow
behaviour is maximized for narrow embayment and large wave
height i.e. for embayed-cellular rips and absence of pure boundary and
channel rips.
An important characteristic on embayed beaches and boundary rips
is their ability to maintain rip circulation under larger wave conditions.
The term ‘mega-rip’ has been used rather loosely to describe rip
currents occurring under high-energy or extreme wave conditions
(Short, 2007). The term is commonly used to describe large, high-veloc-
ity rip ﬂows that occur under high-energy cellular circulatory condi-
tions. These rips are characterized by strong ﬂows extending well
beyond the surf zone. Short (2007) and Loureiro et al. (2012b) both
argue that mega-rips have high exit rates and are important agents for
cross-shore exchange during storms along the Atlantic coast of Portugal
and in SE Australia, where mega-rip velocities can reach 3 m/s and ex-
tend 1–2 km offshore (Coutts-Smith, 2004). Loureiro et al. (2012b)
and McCarroll et al. (2014b) identiﬁed characteristic (wide and deep)
antecedent rip channel morphologies created by cellular mid-beach
mega-rip ﬂows, and hypothesized their role in heightening channel/
surf zone width ratios and enhancing rip exit rates in channel rips
under lower energy conditions.
4.5. Flow response summary
Table 1 provides a summary of the key force-response relationships
described in Section 4. It must be noted that this is an idealised, non-ex-
haustive representation of a complex, nonlinear reality. For hydrody-
namic rip currents, ﬂash rips increase in intensity with increased
breaking wave height. However, the correlation between increased
wave height and ﬂash rip cross-shore exchange is yet to be veriﬁed.
In terms of bathymetric rip currents, low-energy channel rips typi-
cally exhibit low velocities, but with higher rates of exchange (exit
ﬂow regime), due to narrow surf zones and an absence of breaking in
the rip channel (Fig. 15b, d). As wave height and channel depth are
Fig. 18. Synoptic Lagrangian velocity ﬁeld determined from mean of independent
observations for a drifter experiment at the embayed Whale Beach, Australia (shoreline
is bold and surf-zone edge is dashed, adapted from McCarroll et al., 2014b).
Fig. 19. Time series of surf-zone exit rate for obliquely incident waves and varying
embayment width Ls (adapted from Castelle and Coco, 2013).
Table 1
Summary of force-response relationships by rip current type. Variables: H – breaking
wave height; T –wave period; U –mean velocity; U_rms – RMS velocity;σ_θ – directional
spreading; σ_z – bathymetric 3-dimensionality; EXITS – rate of surf zone exits; h – water
depth; λ – rip spacing; Ls – alongshore boundary spacing; Lg – cross-shore boundary ex-
tent; Xs – surf zone width. Responses with (?) are unconﬁrmed.
Hydrodynamic Bathymetric Boundary
FLASH CHANNEL
Low to moderate energy
conditions
SHADOW
Force: ↑ H Force: ↑ H, σz, ↓ h, λ Force: ↑ H, θ
Response: ↑ Urms, EXITS(?) Response: ↑ U, ↓ EXITS Response: ↑ U, ↑ EXITS(?)
SHEAR FOCUSED DEFLECTION
Force: ↑ H, T, ↓θ, σθ Force: ↑ H, T, ↓ θ Force: ↑ H, θ
Response: ↑ Urms, EXITS Response: ↑ U, EXITS(?) Response: ↑ U
Force: ↑ Ls/Lg
Response: ↑ U, EXITS
Force: ↑Lg/Xs
Response: ↑ EXITS, ↓ U
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crease in velocity as alongshore wave breaking gradients increase, but
asymptotically decrease in cross-shore exchange due to the wider surf
zone and possible breaking across the rip channel (Fig. 15a, c). As
wave heights increase further saturating the surf zone, or as water
level drops to expose sand bars thereby reducing onshore ﬂow over
the bars, the alongshore dissipation and pressure gradients required to
drive rip ﬂow are reduced, resulting in lower velocities and exchange.
Focused rips exhibit higher velocities and cross-shore exchange rates
with low wave angle and long wave period.
Finally for boundary rip currents, shadow rips typically have low
rates of exchange. Rip ﬂow correlates positively with increases in
wave energy and increases in wave angle, though rates of exchange re-
main low compared to other rip types. For deﬂection rips, aswave angle,
wave height and boundary spacing is increased, the longshore current
becomes stronger, leading to increased velocity and exit rates. Addition-
ally, as boundary extent (relative to surf zone width) is increased, exit
rates increase.
5. Implications for beach safety hazard
Rip currents each year cause hundreds of drowning deaths and tens
of thousands of rescues on beaches worldwide (e.g. Gensini and Ashley,2009; Brewster, 2010; Brighton et al., 2013; Arozarena et al., 2015) and
are the leading deadly hazard to recreational beach users (Brander and
Scott, 2016). Accordingly, howbathers caught in a rip should react or at-
tempt to escape is a research question of great societal importance.
While rip ﬂow speed clearly relates to how fast rips can carry bathers
offshore (Drozdzewski et al., 2012), it is the rip ﬂow circulation
regime that ultimately dictates the optimum strategy to escape rips
(e.g. McCarroll et al., 2015; Castelle et al., 2016). Because of the tradi-
tional exit ﬂow perception (Fig. 3a), early beach safety advice for
beach users being caught in a rip was to “swim parallel” to the beach
to escape the rip in order to reach safety on an adjacent shallow sand
bar, or to just swim out of the rip. In contrast, the concept of circulatory
ﬂow regime (Fig. 3b) with typical full recirculation time of 5–10 min
supports the “stay aﬂoat” escape strategy tominimize bather energy ex-
penditure as recirculation should carry bathers to shallower and safer
depths on the order of minutes (MacMahan et al., 2010a). However,
this dichotomy masks the considerable natural variability in morpho-
logical and hydrodynamic rip current forcing that blur the best safety
message to promote to the general public.
17B. Castelle et al. / Earth-Science Reviews 163 (2016) 1–21Recently, intensive experiments on rip current escape strategies in-
volving GPS-equipped drifters and swimmers were conducted by
McCarroll et al. (2014b) and Van Leeuwen et al. (2016), with neither
the “swim parallel” nor “stay aﬂoat” strategies found to be 100% suc-
cessful. In order to overcome ethical issues and explore a wider range
of wave-tide conditions and bather characteristics, McCarroll et al.
(2015) developed the ﬁrst numerical model of bathers escaping from
a rip current applied to a single rip current system. It was shown that
time to safety typically decreases for taller bathers with greater swim
speeds, and that slow and steady swimming may be more successful
than simply staying aﬂoat. Themodel was subsequently used to address
escape strategies at four nearby inner-bar rip current systems in SW
France (Castelle et al., 2016). Of note, it was found that for normal to
near-normal wave incidence, the optimal rip current escape strategy
in a given rip current system can be the worst strategy at a nearby rip
system. This is due to subtle differences in bar/rip morphology, which
can greatly affect rip ﬂow regime and the resulting optimal escape
strategy.
A conceptual model of rip escape outcomes from both the ﬁeld ex-
periments (McCarroll et al., 2014b; Van Leeuwen et al., 2016) and nu-
merical modelling (McCarroll et al., 2015; Castelle et al., 2016) is
presented in Fig. 20, indicating the pros and cons of the “swim parallel”
and “stay aﬂoat” strategies in channel rips. Float failures are related to
exit ﬂow regime (Fig. 20a), though this strategy is more successful
under a circulation ﬂow regime (Fig. 20b). Swim parallel is a successful
strategy when the swimmer is moving perpendicular to a cross-shore
ﬂow, such as under an exit regime (Fig. 20c). However the swimparallel
strategy may fail when the swim trajectory is directed against along-
shore feeder currents or the outer alongshore part of the circulation
(Fig. 20d).
Both ﬁeld and modelling results of rip escapes clearly indicate that
promotion of a singular and universal ‘rip current escape strategy’ edu-
cational message to beachgoers is not appropriate, or safe. However, for
obliquely incident waves “swim parallel” downdrift then swim onshore
with breaking waves is found to be highly successful for channel rips
(McCarroll et al., 2015; Castelle et al., 2016; Fig. 20d).
In close interaction with beach safety educators and practitioners,
the International Life Saving Federation synthesized the studies
discussed above and recently endorsed a standard suite of rip current
survival safety for beachgoers caught in a rip: (1) Do not panic - con-
serve your energy and consider your options; (2) Stay Calm and Seek
Help – particularly if you are close to a supervised location; (3) Float –
go with the rip current and see if you are returned to shallower water;
(4) Swim Parallel to the current – across the rip towards areas of break-
ing waves; (5) Regularly reassess the situation – conﬁrm your decided
course of action is working. If not, try an alternative.
Additional ﬁeld and numerical swimmer experiments are encour-
aged in rip current types other than channel rips. All the rip current es-
cape studies discussed above essentially address channel rips. However,
we show that spatial and temporal rip ﬂow response, which dictates the
optimum strategy to escape rips, strongly depends on rip type. Given
that ﬂash rips are episodic and unpredictable bursts of water jetting off-
shore with generally no preferred direction and alongshore migration,
the best rip current escape strategy at any given time is likely complete-
ly random. For other rip types, the safety advice may be reasonably
straightforward to follow for beach goers. For instance, it is expected
that swimming parallel away from an obstacle (e.g. groyne, headland)
is the optimum strategy to escape boundary rips.
It should be noted, that existing swimmer escape strategy studies,
both ﬁeld or modelling based, do not replicate real world scenarios as
they are both conducted in controlled environments and therefore can-
not assess the critical social and psychological elements of how people
will actually react to being caught in a rip current and the varying rip
current types and ﬂow conditions they may encounter. Studies of this
nature are clearly needed before any sort of rip current educational
strategies can be safely promoted to the general beach-going public. Itis therefore encouraging to see the recent increase in social science
based rip current studies (Fig. 2e).
6. Summary and conclusions
6.1. Summary
Surf-zone rip currents are narrowwave-driven seaward ﬂowing jets
of water originating within the surf zone on beaches along most wave-
exposed coasts. However, this broaddeﬁnitionmasks considerable tem-
poral and spatial variability in terms of their occurrence, ﬂow character-
istics and behaviour. While rip current ﬂow has been widely studied,
the circulation patterns, or ﬂow regime, of rip currents has only recently
received dedicated scientiﬁc attention. This is despite rip circulation
being a critical component to the transport and cross-shore mixing of
heat, sediments, pollutants, nutrients and biota and of clear importance
to beach safety and lifeguarding. Over the last 15 years, a growing body
of rip current literature has greatly enhanced our understanding of the
formation and dynamics of rip currents, including circulation regime.
From a review of recent scientiﬁc advances in our understanding of
rip currents based on theoretical, numerical, laboratory modelling and
ﬁeldmeasurement approaches, a comprehensive and robust rip current
type classiﬁcation has been developed, which provides a further frame-
work to understand and predict rip current ﬂow on wave-exposed
coasts worldwide.
We have demonstrated that rip currents can be robustly classiﬁed
into three broad categories based on the dominant controlling forcing
mechanism. Each category is further divided into two types owing to
different physical driving mechanisms, for a total of six fundamentally
different surf-zone rip current types:
• Hydrodynamically-controlled rips are transient in both time and space,
occur on alongshore-uniform beaches and are essentially driven by
hydrodynamic forcing mechanisms: (1) shear instability rips form
through shear instabilities of strong longshore currents, in contrast
to (2) ﬂash rips that preferably develop for weak or absent mean
longshore current through short-scale vorticity evolving freely as
migrating surf-zone eddies.
• Bathymetrically-controlled rips occur at relatively ﬁxed locations and
are driven by hydrodynamic processes strongly inﬂuenced by natural
variability in alongshore three-dimensional (vertical) morphology in
both the surf zone and inner shelf zone: (3) channel rips are driven
by alongshore variation in breaking wave energy dissipation due to
alongshore variability in water depth and typically occupy deeper
channels where depth-induced breaking is weaker or absent while
(4) focused rips are due to alongshore variability in breaking wave
height and breaking wave angle enforced by wave refraction and/or
breaking across offshore bathymetric anomalies.
• Boundary-controlled rips are dominated by the inﬂuence of rigid lateral
boundaries, such as natural headlands or anthropogenic structures
(groynes, piers) and are therefore ﬁxed in space and time as they
ﬂow against them: (5) deﬂection rips occur on the downwave side of
the boundary and are driven by the deﬂection of the longshore cur-
rent against this obstacle, while (6) shadow rips occur on the opposite
side of the boundary and are driven by the alongshore variation in
breakingwave height owing towave shadowing effect of the obstacle.
It is important to recognize that in reality, many rip currents form
through a mixture of driving mechanisms and that these discrete rip
types in fact form key elements in a wide and complex spectrum of
rip currents on natural beaches. Four examples of mixed rip types
characterized by their worldwide ubiquity have been described:
channel-ﬂash rips; focus-channel rips; boundary-channel rips and
embayed cellular rips. Overall, this rip current type classiﬁcation
(Fig. 13), provides a new conceptual framework to classify these rip
Fig. 20. Channel rip current escape strategies (“Stay aﬂoat” and “Swim parallel”) under various ﬂow regimes, with successful escape strategies (green arrows), unsuccessful escape
strategies (red arrows) and underlying ﬂow ﬁeld (grey dashed arrows) indicated.
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beneﬁt to coastal scientists, non-specialists and beach safety practi-
tioners alike, the latter of which provides the most practical outcome
of this classiﬁcation.
The development in the early 00's and subsequent worldwide use of
GPS-equipped surf-zone drifters to address Lagrangian rip current ﬂow
behaviour, together with important progress in numerical modelling,
has provided unprecedented insight into rip current circulation re-
gimes. Rip currents have longbeenperceived as narrowoffshore-direct-
ed ﬂows extending well beyond the breakers and ﬂushing out the surf
zone at a high rate (“exit ﬂow” regime). Instead, it has been shown
that rip ﬂow patterns sometimes consist of quasi-steady semi-enclosed
vortices retaining most of the ﬂoating material within the surf zone
(“circulatory behaviour”). Recent studies from the early 10's revealed
that this dichotomy between circulating and exit ﬂows masks a consid-
erable variability with reported offshore exit rates per hour varying
from 0 to 100%. The rip current type classiﬁcation developed in this re-
view paper provides a relevant framework to understand the primary
morphological and hydrodynamic parameters controlling rip current
ﬂow regime (see Table 1). For instance, previously referred to simply
as “topographic rips”, when classiﬁed in termsof the forcingmechanism
boundary-controlled rips can be discriminated into different types
based on wave deﬂection and shadowing mechanisms. These differ-
ences are crucial for understanding and predicting changes in boundary
rip ﬂowvelocity and circulation regime in response to varyingwave and
boundary geometry conditions. Overall, greater advances in our under-
standing of rip currentﬂow regimehave beenmade on channel rips and
boundary controlled-rips as they are essentially ﬁxed in location and
therefore reasonably easier to measure. However, there are still many
unknowns for the other rip types, with the behaviour of mixed rip
types being even more uncertain.
6.2. Future research and concluding remarks
The purpose of this review is to present a classiﬁcation of the differ-
ent types of rip currents that exist on beaches based on their physical
forcing mechanisms, which control rip ﬂow behaviour. It incorporates
results from the many recent ﬁeld, laboratory and modelling efforts
(Fig. 2) that have provided valuable new information on rip current cir-
culation behaviour and patterns in varied environments. It is hoped that
the classiﬁcation will serve as a resource for coastal scientists and non-
specialists with an interest in the rip current hazard and will serve as a
platform for future rip current studies.
Many accomplishments have been achieved, particularly over the
last two decades, on rip current dynamics including driving mecha-
nisms and ﬂow response. However, overall, the coastal community is
only at an early stage of understanding rip current ﬂow regimes, as ev-
ident by the many unknown exit rate trends in Table 1. There is a clear
need for additional ﬁeldmeasurements of Lagrangian rip ﬂow studies tobe undertaken in awide range ofwave-tide-morphology conditions and
particular rip current types. Given the amount of surf-zone-swimming-
capable scientists and drifters required to collect dense Lagrangian
measurements in a single rip current system, inter-institutional and
international ﬁeld campaigns should be encouraged. This is particularly
relevant for rip types that have received little attention so far (Table 1),
includingmixed rip types and channel rips over crescentic bars. In addi-
tion, to date there is no universal deﬁnition for the outer edge of the surf
zone, which is important to further compute ﬂushing rates and to char-
acterize rip ﬂow regime. Such a deﬁnition, which must be compatible
with the data collected through ﬁeld and laboratory measurements, re-
mote-sensing and numerical modelling, will be important to provide
consistent assessment and comparison of ﬂow circulation regimes and
exit rates between rip types.
Collecting Eulerian and particularly Lagrangian data during severe
storms is one of the greatest challenges for future rip current research.
For obvious ethical and safety reasons, it is challenging to both release
and retrieve drifters in these conditions. Instead, deploying GPS-
equipped drifters using, for instance, Global System for Mobile Commu-
nications (GSM) technology offers capability to monitor and collect the
data in real-time and to further retrieve the drifters after the storm. Re-
mote-sensing of nearshore currents also appears as a potential avenue
to monitor surface rip current ﬂows, particularly during storms. Optical
remote-sensing has already shown encouraging results tomonitor surf-
zone surface currents (Puleo et al., 2003; Chickadel et al., 2003; Holman
and Haller, 2013; Almar et al., 2016), but has never been applied to a rip
ﬂow ﬁeld. Even more promising is the observation of rip currents from
X-band radar images (Haller et al., 2014), which has the potential to
provide rip current surface ﬂow data at unprecedented spatial and tem-
poral resolution. Because these remotely-sensed techniques cover
relatively large spatial areas, they are particularly suitable for hydrody-
namically-controlled rips that are transient in occurrence in space and
time. Of note, these methods only track surface ﬂow currents, which
are critical in carrying bathers offshore. However, measuring and
modelling the three-dimensional structure of rip currents will also
help improve our understanding of rip current dynamics.
To date,most numericalmodelling rip current efforts have been per-
formedby time averaging thephase of gravitywaves. However, changes
in vorticity with the passage of individual short-crested breakingwaves
is critical to ripﬂowdynamics. Recent improvements in phase-resolving
models and decrease in computation time has enabled many recent
major advances in the understanding of non-stationary rip current
ﬂows (e.g. Feddersen, 2014). However, thesemodelling studies have es-
sentially addressed the dynamics of surf-zone eddies and resulting ﬂash
rip activity on planar beaches. In future, this type of model should be
used on bathymetries with different degrees of alongshore non-unifor-
mity to explore the mixed channel-ﬂash rip continuum between an
idealised planar beach, with pure hydrodynamic control, and deep,
well-deﬁned rip channels with strong bathymetric control. This
19B. Castelle et al. / Earth-Science Reviews 163 (2016) 1–21modelling framework should also be applied to other rip types, includ-
ing boundary-controlled rips, as all natural rips have, to some degree, a
component of transient eddy forcing. In addition, the swimmermodules
developed in McCarroll et al. (2015) and Castelle et al. (2016) will ben-
eﬁt from the coupling with phase-resolvingmodels to explore the opti-
mum escape strategies for each rip current type within this wide and
complex natural spectrum. Finally, other parameters such as inner-
shelf water stratiﬁcation and tidal currents are also expected to affect
rip current circulation regime.
Rip currents have long been of strong interest mostly due to the
coastal hazard they represent. The recent growing body of rip current
literature dealing with beach safety and lifeguarding calls for future in-
terdisciplinary studies at the crossroad of physics, psychology and
physiology. It is expected that bringing together coastal and beach safe-
ty communities will improve rip current education and awareness, and
will eventuallymeet the challenge of providing optimal safetymessages
to the general public. From the perspective of hazard to recreational
beach users, the rip current type classiﬁcation developed here also pro-
vides a relevant framework to understand and further predict the other
coastal hazards and ecosystem modiﬁcations related to rip current
activity.
Acknowledgements
This work was assisted through funding provided by project DECA
(INSU/EC2CO-DRIL) and the IDEX “Invited Scholar” scheme (University
of Bordeaux) that brought together the 4 authors in Bordeaux in fall
2014, when the idea of writing this review paper emerged. BC
acknowledges additional funding through project CHIPO (grant number
ANR-14-ASTR-0004-01) supported by the Agence Nationale de la
Recherche (ANR). Additional funding support was obtained through
the Australian Research Council (ARC) Linkage Grant LP110200134
(RB, JM), UNSW Australia Faculty of Science SSP program (RB). TS
thanks the UK RNLI (Royal National Lifeboat Institution) lifeguards for
continued support. The authors would like to sincerely thank the
many scientists who have contributed to both early and recent studies
of rip currents as well as the International Lifesaving Federation for
using this research to recently endorse a standard suite of rip current
survival safety for beachgoers caught in a rip through the Rip Current
Safety Alliance scientiﬁc committee.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.earscirev.2016.09.008.
References
Aagaard, T., 1991. Multiple-bar morphodynamics and its relation to low frequency edge
waves. J. Coast. Res. 7, 810–813.
Aagaard, T., Greenwood, B., Nielsen, J., 1997. Mean currents and sediment transport in a
rip channel. Mar. Geol. 140, 25–45.
Almar, R., Larnier, S., Castelle, B., Scott, T., Flo'ch, F., 2016. On the use of the radon trans-
form to estimate longshore currents from video imagery. Coast. Eng. 114, 301–308.
Arozarena, I., Houser, C., Echeverria, A.G., Brannstrom, C., 2015. The rip current hazard in
Costa Rica. Nat. Hazards 2, 753–768.
Arun Kumar, S.V.V., Prasad, K.V.S.R., 2014. Rip current-related fatalities in India: a new
predictive risk scale for forecasting rip currents. Nat. Hazards 70, 313–335.
Austin, M., Scott, T., Brown, J., Brown, J., MacMahan, J., Masselink, G., Russell, P., 2010.
Temporal observations of rip current circulation on a macro-tidal beach. Cont. Shelf
Res. 30, 1149–1165.
Austin, M.J., Masselink, G., Scott, T.M., Russell, P.E., 2014. Water level controls on macro-
tidal rip currents. Cont. Shelf Res. 75, 28–40.
Barlas, B., Beji, S., 2015. Rip current fatalities on the Black Sea beaches of Istanbul and ef-
fects of cultural aspects in shaping the incidents. Nat. Hazards 2, 811–821.
Belderson, R.H., Stride, A.H., 1969. Shape of submarine canyon heads revealed by Asdic.
Deep Sea Res. 16, 103–104.
Bowen, A.J., 1969. Rip currents. 1. Theoretical investigations. J. Geophys. Res. 74,
5467–5478.
Bowen, A.J., Holman, R.A., 1989. Shear instabilities of the mean longshore current: 1. The-
ory. J. Geophys. Res. 94 (C12), 18023–18030.Bowen, A., Inman, D., Simmons, V., 1968. Wave “set-down” and “set-up”. J. Geophys. Res.
73 (8), 2569–2577.
Brander, R.W., 1999. Field observations on themorphodynamic evolution of a low-energy
rip current system. Mar. Geol. 157, 199–217.
Brander, R.W., 2015. Rip currents. In: sea and ocean hazards, risks and disasters. In: Ellis, J.,
Sherman, D. (Eds.), Treatise in Hazards and Disasters. Elsevier, pp. 335–380.
Brander, R.W., MacMahan, J.H., 2011. Future challenges for rip current research and out-
reach. In: Leatherman, S., Fletemeyer, J. (Eds.), Rip Currents: Beach Safety, Physical
Oceanography and Wave Modeling. CRC Press, pp. 1–29.
Brander, R.W., Scott, 2016. Science of the rip current hazard. In: Tipton, M., Wooler, A.,
Reilly, T. (Eds.), The Science of Beach Lifeguarding: Principles and Practice. CRC
Press, pp. 67–86.
Brander, R.W., Short, A.D., 2000. Morphodynamics of a large-scale rip current system at
Muriwai Beach, New Zealand. Mar. Geol. 165, 27–39.
Brander, R.W., Short, A.D., 2001. Flow kinematics of low-energy rip current systems.
J. Coast. Res. 17 (2), 468–481.
Brander, R.W., Bradstreet, A., Sherker, S., MacMahan, J., 2011. The behavioural responses
of swimmers caught in rip currents: new perspectives on mitigating the global rip
current hazard. Int. J. Aquat. Res. 5, 476–482.
Brannstrom, C., Trimble, S., Santos, A., Brown, H.L., Houser, C., 2014. Perception of the rip
current hazard on Galveston Island and North Padre Island, Texas. Nat. Hazards 72,
1123–1138.
Brewster, B.C., 2010. Rip current misunderstandings. Nat. Hazards 55, 161–162.
Brighton, B., Sherker, S., Brander, R., Thompson, M., Bradstreet, A., 2013. Rip current relat-
ed drowning deaths and rescues in Australia 2004–2011. Nat. Hazards Earth Syst. Sci.
13, 1069–1075.
Bruneau, N., Castelle, B., Bonneton, P., Pedreros, R., Almar, R., Bonneton, N., Bretel, P.,
Parisot, J.P., Senechal, N., 2009. Field observations of an evolving rip current on a
meso-macrotidal well-developed inner bar and rip morphology. Cont. Shelf Res. 29,
1650–1662.
Bruneau, N., Bonneton, P., Castelle, B., Pedreros, R., 2011. Modeling rip current circulations
and vorticity in a high-energy meso-environment. J. Geophys. Res. Oceans 116,
C07026. http://dx.doi.org/10.1029/2010JC006343.
Bruneau, N., Bertin, X., Castelle, B., Bonneton, P., 2014. Tide-induced ﬂow signature in rip
currents on a meso-macrotidal beach. Ocean Model 74, 53–59.
Buhler, O., 2000. On the vorticity transport due to dissipating breaking waves in shallow
water ﬂow. J. Fluid Mech. 407, 235–263.
Buhler, O., Jacobson, T.E., 2001. Wave-driven currents and vortex dynamics on barred
beachs. J. Fluid Mech. 449, 313–339.
Cacchione, D.A., Drake, D.E., Grant, W.D., Tate, G.B., 1984. Rippled scour depressions on
the inner continental shelf off central California. J. Sediment. Petrol. 54, 1280–1291.
Caldwell, N., Houser, C., Meyer-Arendt, K., 2013. Ability of beach users to identify rip cur-
rents at Pensacola Beach, Florida. Nat. Hazards 68, 1041–1056.
Castelle, B., Bonneton, P., 2006. Modelling of a rip current induced by waves over a ridge
and runnel system on the Aquitanian coast, France. Compt. Rendus Geosci. 338,
711–717.
Castelle, B., Bonneton, P., Sénéchal, N., Dupuis, H., Butel, R., Michel, D., 2006. Dynamics of
wave-induced currents over a multi-barred beach on the Aquitanian coast. Cont.
Shelf Res. 26, 113–131.
Castelle, B., Coco, G., 2012. The morphodynamics of rip channels on embayed beaches.
Cont. Shelf Res. 43, 10–23.
Castelle, B., Coco, G., 2013. Surf zone ﬂushing on embayed beaches. Geophys. Res. Lett. 40
(1–5). http://dx.doi.org/10.1002/grl.50485.
Castelle, B., Coco, G., 2014. Surf zone ﬂushing through headland rips. Ocean Science Meet-
ing, Honolulu, Hawaii, Feb. 23–28 2014.
Castelle, B., Bonneton, P., Dupuis, H., Sénéchal, N., 2007. Double bar beach dynamics on
the high-energy meso-macrotidal French Aquitanian Coast: a review. Mar. Geol.
245, 141–159.
Castelle, B., Michallet, H., Marieu, V., Leckler, F., Dubarbier, B., Lambert, A., Berni, C.,
Bonneton, P., Barthélemy, E., Bouchette, F., 2010. Laboratory experiment on rip cur-
rent circulations over a moveable bed: drifter measurements. J. Geophys. Res. 115,
C12008. http://dx.doi.org/10.1029/2010JC006343.
Castelle, B., Marieu, V., Coco, G., Bonneton, P., Ruessink, B.G., 2012. On the impact of an off-
shore bathymetric anomaly on surfzone rip channels. J. Geophys. Res. Earth Surf. 117,
F01038. http://dx.doi.org/10.1029/2011JF002141.
Castelle, B., Almar, R., Dorel, M., Lefebvre, J.P., Senechal, N., Anthony, E.J., Laibi, R., Chuchla,
R., du Penhoat, Y., 2014a. Rip currents and circulation on a high-energy low-tide-ter-
raced beach (Grand Popo, Benin, West Africa). J. Coast. Res. SI 70, 633–638.
Castelle, B., Reniers, A., MacMahan, J., 2014b. Bathymetric control of surf zone retention
on a rip-channelled beach. Ocean Dyn. 64, 1221–1231.
Castelle, B., Marieu, V., Bujan, S., Splinter, K.D., Robinet, A., Senechal, N., Ferreira, S., 2015.
Impact of the winter 2013–2014 series of severeWestern Europe storms on a double-
barred sandy coast: beach and dune erosion and megacusp embayments. Geomor-
phology 238, 135–148.
Castelle, B., McCarroll, R.J., Brander, R.W., Scott, T., Dubarbier, B., 2016. Modelling the
alongshore variability of optimum rip current escape strategies on a multiple rip-
channelled beach. Nat. Hazards 81, 664–686.
Cavaleri, L., Alves, J., Ardhuin, F., Babanin, A., Banner, M., Belibassakis, K., Benoit, M.,
Donelan, M., Groeneweg, J., Herbers, T., Hwang, P., Janssen, P., Janssen, T., Lavrenov,
I., Magne, R., Monbaliu, J., Onorato, M., Polnikov, V., Resio, D., Rogers, W., 2007.
Wave modelling - the state of the art. Prog. Oceanogr. 75, 603–674.
Chickadel, C.C., Holman, R.A., Freilich, M.H., 2003. An optical technique for the measure-
ment of longshore currents. J. Geophys. Res. C Oceans 108 (11), 28–31.
Clark, D.B., Feddersen, F., Guza, R.T., 2010. Cross-shore surfzone tracer dispersion in an
alongshore current. J. Geophys. Res. 115, C10035. http://dx.doi.org/10.1029/
2009JC005683.
20 B. Castelle et al. / Earth-Science Reviews 163 (2016) 1–21Clark, D.B., Feddersen, F., Guza, R.T., 2011. Modeling surfzone tracer plumes: 2.
Transport and dispersion. J. Geophys. Res. 116, C11028. http://dx.doi.org/10.1029/
2011JC007211.
Clark, D.B., Elgar, S., Raubenheimer, B., 2012. Vorticity generation by short-crested wave
breaking. Geophys. Res. Lett. 39, L24604. http://dx.doi.org/10.1028/2012GL054034.
Coco, G., Murray, A.B., Green, M.O., Thieler, E.R., Hume, T.M., 2007. Sorted bed forms as
self-organized patterns: 2. Complex forcing scenarios. J. Geophys. Res. 112, F03016.
http://dx.doi.org/10.1029/2006JF000666.
Cook, D.O., 1970. The occurrence and geologic work of rip currents off southern California.
Mar. Geol. 9, 173–186.
Coutts-Smith, A.J., 2004. The Signiﬁcance of Mega-rips Along an Embayed Coast (PhD
Thesis) University of Sydney.
Dalrymple, R., 1975. Amechanism for rip current generation on an open coast. J. Geophys.
Res. 80, 3485–3487.
Dalrymple, R., Lozano, C., 1978. Wave current interaction models for rip currents.
J. Geophys. Res. 83 (C12), 6063.
Dalrymple, R.A., MacMahan, J.H., Reniers, A.J.H.M., Nelko, V., 2011. Rip currents. Annu.
Rev. Fluid Mech. 43, 551–581.
Davidson-Arnott, R., 2010. Introduction to Coastal Processes and Geomorphology. Cam-
bridge University Press (442 pp).
Davis, W.M., 1925. The undertow myth. Science 61, 206–208.
Davis Jr., R.A., Fitzgerald, D.M., 2004. Beaches and Coasts. Blackwell Science Ltd. (419 pp.).
de Leon, M.P., Nishi, R., Kumasak, F., Takaesu, T., Kitamura, R., Otani, A., 2008. Reef rip cur-
rent generated by tide and wave during summer season: ﬁeld observation conducted
in Yoshiwara Coast, Ishigakijima, Okinawa, Japan. Proc. 11th International Coral Reef
Symposium, pp. 489–493.
Dodd, N., Thornton, E., 1990. Growth and energetics of shear-waves in the nearshore.
J. Geophys. Res. 95 (C9), 16 075–16 083.
Drozdzewski, D., Shaw, W., Dominey-Howes, D., Brander, R., Walton, T., Gero, A., Sherker,
S., Goff, J., Edwick, B., 2012. Surveying rip current survivors: preliminary insights into
the experiences of being caught in rip currents. Nat. Hazards Earth Syst. Sci. 12,
1201–1211.
Drozdzewski, D., Roberts, A., Dominey-Howes, D., Brander, R., 2015. The experiences of
weak and non-swimmers caught in rip currents at Australian beaches. Aust. Geogr.
46, 15–32.
Feddersen, F., 1998. Weakly nonlinear shear waves. J. Fluid Mech. 372, 71–91.
Feddersen, F., 2014. The generation of surfzone eddies in a strong alongshore current.
J. Phys. Oceanogr. 44, 600–617.
Gallop, S.L., Bryan, K.R., Coco, G., Stephens, S.A., 2011. Storm-driven changes in rip channel
patterns on an embayed beach. Geomorphology 127, 179–188.
Gensini, V.A., Ashley, W.S., 2009. An examination of rip current fatalities in the United
States. Nat. Hazards 54, 159–175.
Gourlay, M.R., 1974. Wave set-up and wave generated currents in the lee of a breakwater
or headland. In: Coastal Engineering 1974: Proceedings of the Fourteenth Interna-
tional Conference. American Society of Civil Engineers, New York, pp. 1976–1995.
Haller, M.C., Dalrymple, R.A., Svendsen, I.A., 2002. Experimental study of nearshore dy-
namics on a barred beach with rip channels. J. Geophys. Res. 107 (C6). http://dx.
doi.org/10.1029/2001JC000955.
Haller, M.C., Honegger, D., Catalan, P.A., 2014. Rip current observations via marine radar.
J. Waterw. Port Coast. Ocean Eng. 140, 115–124.
Hally-Rosendahl, K., Feddersen, F., Guza, R.T., 2014. Cross-shore tracer exchange between
the surfzone and inner-shelf. J. Geophys. Res. 4367–4388 http://dx.doi.org/10.1002/
2013JC009722.
Hally-Rosendahl, K., Feddersen, F., Clark, D.B., Guza, R.T., 2015. Surfzone to inner-shelf ex-
change estimated from dye tracer balances. J. Geophys. Res. 120, 6289–6308.
Hartmann, D., 2006. Drowning and beach-safety management (BSM) along the
Mediterranean beaches of Israel - a long-term perspective. J. Coast. Res. 22,
1505–1514.
Hatﬁeld, J., Williamson, A., Sherker, S., Brander, R., Hayen, A., 2012. Development and
evaluation of an intervention to reduce rip current related beach drowning. Accid.
Anal. Prev. 46, 45–51.
Holman, R., Haller, M.C., 2013. Remote sensing of the nearshore. Annu. Rev. Mar. Sci. 5,
95–113.
Houser, C., Barrett, G., Labude, D., 2011. Alongshore variation in the rip current hazard at
Pensacola Beach, Florida. Nat. Hazards 57, 501–523.
Houser, C., Arnott, R., Ulzhofer, S., Barrett, G., 2013. Nearshore circulation over transverse
bar and rip morphology with oblique wave forcing. Earth Surf. Process. Landf. 38,
1269–1279.
Inman, D.L., Brush, B.M., 1973. Coastal challenge. Science 181, 20–32.
Johnson, D., Pattiaratchi, C., 2004. Transient rip currents and nearshore circulation on a
swell-dominated beach. J. Geophys. Res. 109, C02026. http://dx.doi.org/10.1029/
2003JC001798.
Johnson, D., Pattiaratchi, C., 2006. Boussinesq modeling of transient rip currents. Coast.
Eng. 53, 419–439.
Johnson, D., Stocker, R., Head, R., Imberger, J., Pattiaratchi, C., 2003. A compact, low-cost
GPS drifter for use in the oceanic nearshore zone, lakes and estuaries. J. Atmos.
Ocean. Technol. 18, 1880–1884.
Kennedy, A., Thomas, D., 2004. Drifter measurements in a laboratory rip current.
J. Geophys. Res. 109, C08005. http://dx.doi.org/10.1029/2003JC001927.
Klein, A.H., da, F., Santana, G.G., Diehl, F.L., Menezes, J.T., 2003. Analysis of hazards associ-
ated with sea bathing: results of ﬁve years work in oceanic beaches of Santa Catarina
State, Southern Brazil. J. Coast. Res. SI 35, 107–116.
Komar, P.D., 1998. Beach Processes and Sedimentation. 2nd Ed. Prentice Hall. (544 pp).
Lascody, R., 1998. East central Florida rip current program. Nat. Weather Dig. 22, 25–30.
Leatherman, S.P., 2013. Rip currents. In: Finkl, C.W. (Ed.), Coastal Hazards, Coastal Re-
search Library 6. Springer, pp. 811–831.Lippmann, T.C., Holman, R.A., 1989. Quantiﬁcation of sand bar morphology: a video tech-
nique based on wave dissipation. J. Geophys. Res. 94, 995–1011.
Lippmann, T.C., Holman, R.A., 1990. The spatial and temporal variability of sand bar mor-
phology. J. Geophys. Res. 95, 11575–11590.
Long, J., Özkan-Haller, H., 2005. Offshore controls on nearshore rip currents. J. Geophys.
Res. 110, C12. http://dx.doi.org/10.1029/2005JC003018.
Long, J., Özkan-Haller, H., 2016. Forcing and variability of nonstationary rip currents.
J. Geophys. Res. 121, 520–539. http://dx.doi.org/10.1002/2015JC010990.
Longuet-Higgins, M.S., 1957. The statistical analysis of a random, moving surface. Philos.
Trans. R. Soc. London, Ser. A 249, 321–387. http://dx.doi.org/10.1098/rsta.1957.0002.
Longuet-Higgins, M.S., Stewart, R.W., 1964. Radiation stresses in water waves: a physical
discussion with applications. Deep Sea Res. 11, 529–563.
Loureiro, C., Ferreira, O., Cooper, J.A.G., 2012a. Geologically constrained morphological
variability and boundary effects on embayed beaches. Mar. Geol. 328–331, 1–15.
Loureiro, C., Ferreira, O., Cooper, J.A.G., 2012b. Extreme erosion on high-energy embayed
beaches: inﬂuence of megarips and storm grouping. Geomorphology 139–140,
155–171.
Loureiro, C., Ferreira, O., Cooper, J.A.G., 2013. Applicability of parametric beach
morphodynamic state classiﬁcation on embayed beaches. Mar. Geol. 34, 153–164.
Lushine, J., 1991. A study of rip current drownings and related weather factors. Nat.
Weather Dig. 16, 13–19.
MacMahan, J., 2001. Hydrographic surveying from personal watercraft. J. Surv. Eng. 127,
12–24.
MacMahan, J.H., Reniers, A.J.H.M., Thornton, E.B., Stanton, T., 2004. Infragravity rip current
pulsations. J. Geophys. Res. Oceans 109 (C1), C01033.
MacMahan, J.H., Thornton, E.B., Stanton, T.P., Reniers, A.J.H.M., 2005. RIPEX: observations
of a rip current system. Mar. Geol. 218, 118–134.
MacMahan, J.H., Thornton, E.B., Reniers, A.J.H.M., 2006. Rip current review. Coast. Eng. 53,
191–208.
MacMahan, J.H., Thornton, E.B., Reniers, A.J.H.M., Stanton, T.P., Symonds, G., 2008. Rip cur-
rents induced by small bathymetric variations. Mar. Geol. 255, 156–164.
MacMahan, J.H., Brown, J., Thornton, E., 2009. Low-cost handheld global positioning sys-
tem for measuring surf-zone currents. J. Coast. Res. 25 (3), 744–754.
MacMahan, J.H., Brown, J., Brown, J., Thornton, E.B., Reniers, A.J.H.M., Stanton, T.,
Henriquez, M., Gallagher, E., Morrison, J., Austin, M.J., Scott, T.M., Senechal, N.,
2010a. Mean lagrangian ﬂow behavior on an open coast rip-channeled beach: a
new perspective. Mar. Geol. 268, 1–15.
MacMahan, J.H., Reniers, A.J.H.M., Thornton, E.B., 2010b. Vortical surf zone velocity ﬂuctu-
ations with O(10) minute period. J. Geophys. Res. Oceans 115 (C6), C06007.
Masselink, G., Pattiaratchi, C.B., 1998. Morphological evolution of beach cusps and associ-
ated swash circulation patterns. Mar. Geol. 146, 93–113.
Masselink, G., Short, A.D., 1993. The effect of tide range on beach morphodynamics and
morphology: a conceptual beach model. J. Coast. Res. 9 (3), 785–800.
Mazieres, A., Gillet, H., Castelle, B., Mulder, T., Guyot, C., Garlan, T., Mallet, C., 2014. High-
resolution morphobathymetric analysis and evolution of Capbreton submarine can-
yon head (Southeast Bay of Biscay - French Atlantic Coast) over the last decade
using descriptive and numerical modeling. Mar. Geol. 351, 1–12.
McCarroll, R.J., Brander, R.W., MacMahan, J.H., Turner, I.L., Reniers, A.J.H.M., Brown, J.A.,
Bradstreet, A., Sherker, S., 2014a. Evaluation of swimmer-based rip current escape
strategies. Nat. Hazards 71, 1821–1846.
McCarroll, R.J., Brander, R.W., Turner, I.L., Power, H.E., Mortlock, T.R., 2014b. Lagrangian
observations of circulation on an embayed beach with headland rip currents. Mar.
Geol. 355, 173–188.
McCarroll, R.J., Castelle, B., Brander, R.W., Scott, T., 2015. Modelling rip current ﬂow and
bather escape strategies across a transverse bar and rip channel morphology. Geo-
morphology 246, 502–518.
McCarroll, R.J., Brander, R.W., Turner, I.L., 2016a. Bathymetric controls on very low fre-
quency rip current motions. J. Coast. Res. SI 75, 418–422.
McCarroll, R.J., Brander, R.W., Turner, I.L., Van Leeuwen, B.R., 2016b. Shoreface storm
morphodynamics and mega-rip evolution at an embayed beach: Bondi Beach,
NSW, Australia. Cont. Shelf Res. 116, 74–88.
Miloshis, M., Stephenson, W.J., 2011. Rip current escape strategies: lessons for swimmers
and coastal rescue authorities. Nat. Hazards 59, 823–832.
Murray, T., Cartwright, N., Tomlinson, R., 2013. Video-imaging of transient rip currents on
the Gold Coast open beaches. J. Coast. Res. SI 65, 1809–1814.
Noyes, T.J., Guza, R.T., Elgar, S., Herbers, T.H.C., 2004. Field observations of shear waves in
the surf zone. J. Geophys. Res. 109, C01031. http://dx.doi.org/10.1029/2002JC001761.
Oltman-Shay, J., Howd, P.A., Birkemeier, W.A., 1989. Shear instabilities of the mean
longshore current: 2. Field observations. J. Geophys. Res. 94 (C12), 18 031–18 042.
Ozkan-Haller, H.T., Kirby, J.T., 1999. Nonlinear evolution of shear instabilities of the
longshore current: a comparison of observations and computations. J. Geophys. Res.
104, 25,953–25,984.
Pattiaratchi, C., Olsson, D., Hetzel, Y., Lowe, R., 2009. Wave-driven circulation patterns in
the lee of groynes. Cont. Shelf Res. 29, 1961–1974.
Peregrine, D.H., 1998. Surf zone currents. Theor. Comput. Fluid Dyn. 10, 295–309. http://
dx.doi.org/10.1007/s001620050065.
Price, T.D., Ruessink, B.G., 2011. State dynamics of a double sandbar system. Cont. Shelf
Res. 31, 659–674.
Puleo, J.A., Farquharson, G., Frasier, S.J., Holland, K.T., 2003. Comparison of optical and
radar measurements of surf and swash zone velocity ﬁelds. J. Geophys. Res. C Oceans
108 (3), 45–51.
Putrevu, U., Svendsen, I.A., 1992. Shear instability of longshore currents: a numerical
study. J. Geophys. Res. 97 (C5), 7283–7303.
Reniers, A.J.H.M., MacMahan, J., Thornton, E.B., Stanton, T.P., Henriquez, M., Brown, J.W.,
Brown, J.A., Gallagher, E., 2009. Surfzone retention on a rip channelled beach.
J. Geophys. Res. 114, C10010. http://dx.doi.org/10.1029/2008JC005153.
21B. Castelle et al. / Earth-Science Reviews 163 (2016) 1–21Reniers, A.J.H.M., MacMahan, J.H., Beron-Vera, F.J., Olascoaga, M.J., 2010. Rip-current
pulses tied to Lagrangian coherent structures. Geophys. Res. Lett. 37 (5). http://dx.
doi.org/10.1029/2009GL041443.
Roelvink, J.A., Reniers, A.J.H.M., van Dongeren, A., de Vries, J.V., McCall, R., Lescinski, J.,
2009. Modelling storm impacts on beaches, dunes and barrier islands. Coast. Eng.
56, 1133–1152.
Russell, R.J., McIntire, W.G., 1965. Beach cusps. Geol. Soc. Am. Bull. 76, 307–320.
Sasaki, T., Horikawa, K., 1978. Observation of nearshore current and edge waves. Proc.
16th Int. Conf. On Coast. Eng. ASCE, pp. 791–809.
Schmidt,W.,Woodward, B., Millikan, K., Guza, R., Raubenheimer, B., Elgar, S., 2003. A GPS-
tracked surf zone drifter. J. Atmos. Ocean. Technol. 20, 1069–1075.
Scott, T.M., Masselink, G., Russell, P., 2011a. Morphodynamic characteristics and classiﬁca-
tion of beaches in England and Wales. Mar. Geol. 286, 1–20.
Scott, T.M., Russell, P.E., Masselink, G., Austin, M.J., Wills, S., Wooler, A., 2011b. Rip current
hazards on large-tidal beaches in the United Kingdom. In: Leatherman, S., Fletemeyer,
J. (Eds.), Rip Currents: Beach Safety, Physical Oceanography andWave Modeling. CRC
Press, pp. 225–242.
Scott, T.M., Masselink, G., Austin, M.J., Russell, P., 2014. Controls on macrotidal rip current
circulation and hazard. Geomorphology 214, 198–215.
Scott, T.M., Austin, M., Masselink, G., Russell, P., 2016. Dynamics of rip currents associated
with groynes - ﬁeld measurements, modeling and implications for beach safety.
Coast. Eng. 107, 53–69.
Shanks, A.L., Morgan, S.G., MacMahan, J.H., Reniers, A.J.H.M., 2012. Surf zone physical and
morphological regime as determinants of temporal and spatial variation in larval re-
cruitment. J. Exp. Mar. Biol. Ecol. 392, 140–150.
Shepard, F.P., 1936. Undertow, rip tide or “rip current”. Science 84, 181–182.
Shepard, F.P., 1981. Submarine canyons: multiple causes and long-time persistence. AAPG
Bull. 65, 1062–1077.
Shepard, F.P., Inman, D.L., 1950. Nearshore circulation. Proceedings of the. 1st Conference
on Coastal Engineering, ASCE, pp. 50–59.
Shepard, F.P., Inman, D.L., 1951. Nearshore circulation related to bottom topography and
wave refraction. Trans. Am. Geophys. Union 31 (4), 196–213.
Shepard, F.P., Emery, K.O., Lafond, E.C., 1941. Rip currents: a process of geological impor-
tance. J. Geol. 49, 338–369.
Sherker, S., Williamson, A., Hatﬁeld, J., Brander, R., Hayen, A., 2010. Beachgoers' beliefs and
behaviours in relation to beach ﬂags and rip currents. Accid. Anal. Prev. 42,
1785–1804.
Short, A.D., 1985. Rip current type, spacing and persistence, Narrabeen Beach, Australia.
Mar. Geol. 65, 47–71.
Short, A.D., 1992. Beach systems of the central Netherlands coast: processes, morphology
and structural impacts in a storm driven multi-bar system. Mar. Geol. 107, 103–132.
Short, A.D., 2007. Australian rip systems - friend or foe? J. Coast. Res. SI 50, 7–11.
Short, A.D., Aagaard, T., 1993. Single and multi-bar beach change models. J. Coast. Res. SI
15, 141–157.
Short, A.D., Brander, R.W., 1999. Regional variations in rip density. J. Coast. Res. 15,
813–822.
Short, A.D., Masselink, G., 1999. Embayed and structurally controlled beaches. In: Short,
A.D. (Ed.), Handbook of Beach and Shoreface Morphodynamics. John Wiley & Sons,
pp. 230–250.
Silva, R., Baquerizo, A., Losada, M.A., Mendoza, E., 2010. Hydrodynamics of a headland-bay
beach - nearshore current circulation. Coast. Eng. 57, 160–175.Sinnett, G., Feddersen, F., 2014. The surf zone heat budget: the effect of wave heating.
Geophys. Res. Lett. 41, 7217–7226. http://dx.doi.org/10.1002/2014GL061398.
Sonu, C.J., 1972. Field observations of a nearshore circulation and meandering currents.
J. Geophys. Res. 77, 3232–3247.
Spydell, M.S., Feddersen, F., 2009a. Lagrangian drifter dispersion in the surf zone:
directionally spread, normally incident waves. J. Phys. Ocean. 39, 809–830.
Spydell, M., Feddersen, F., 2009b. Lagrangian drifter dispersion in the surf zone:
directionally spread, normally incident waves. J. Phys. Oceanogr. 39, 809–830.
Spydell, M.S., Feddersen, F., Guza, R.T., Schmidt, W.E., 2007. Observing surfzone dispersion
with drifters. J. Phys. Ocean. 27, 2920–2939.
Spydell, M.S., Feddersen, F., Guza, R.T., 2009. Observations of drifter dispersion in the
surfzone: The effect of sheared alongshore currents. J. Geophys. Res. 114, C07028.
http://dx.doi.org/10.1029/2009JC005328.
Spydell, M.S., Feddersen, F., Guza, R.T., MacMahan, J.H., 2014. Relating Lagrangian and
Eulerian horizontal eddy statistics in the surfzone. J. Geophys. Res. Oceans 119,
1022–1037. http://dx.doi.org/10.1002/2013JC009415.
Suanda, S.H., Feddersen, F., 2015. A self-similar scaling for cross-shelf exchange driven by
transient rip currents. Geophys. Res. Lett. 42, 5427–5434.
Talbot, M.M.B., Bate, G.C., 1987. Rip current characteristics and their role in the exchange
of water and surf diatoms between the surf zone and nearshore. Estuar. Coast. Shelf
Sci. 25, 707–720.
Thornton, E.B., Sallenger, A.H., MacMahan, J.H., 2007. Rip currents, cuspate shorelines and
eroding dunes. Mar. Geol. 240, 151–167.
Turner, I.L., Whyte, D., Ruessink, B.G., Ranasinghe, R., 2007. Observations of rip spacing,
persistence and mobility at a long, straight coastline. Mar. Geol. 236, 209–221.
Van Enckevort, I.M.J., Ruessink, B.G., Coco, G., Suzuki, K., Turner, I.L., Plant, N.G., Holman,
R.A., 2004. Observations of nearshore crescentic sandbars. J. Geophys. Res. 109,
C06028. http://dx.doi.org/10.1029/2003JC002214.
Van Leeuwen, B.R., McCarroll, R.J., Brander, R.W., Turner, I.L., Power, H.E., Bradstreet, A.J.,
2016. Examining rip current escape strategies in non-traditional beachmorphologies.
Nat. Hazards 81, 145–165. http://dx.doi.org/10.1007/s11069-015-2072-4.
Williamson, A., Hatﬁeld, J., Sherker, S., Brander, R., Hayen, A., 2012. A comparison of atti-
tudes and knowledge of beach safety in Australia for beachgoers, rural residents and
international tourists. Aust. N. Z. J. Public Health 36, 385–391.
Wind, H.G., Vreugdenhil, C.B., 1986. Rip-current generation near structures. J. Fluid Mech.
171, 459–476.
Winter, G., van Dongeren, A.R., de Schipper, M.A., van Thiel de Vries, J.S.M., 2014. Rip cur-
rents under obliquely incident wind waves and tidal longshore currents. Coast. Eng.
89, 106–119.
Woodroffe, C.D., 2002. Coasts; Form, Process and Evolution. Cambridge University Press
(623 pp.).
Woodward, E., Beaumont, E., Russell, P., Wooler, A., Macleod, R., 2013. Analysis of rip cur-
rent incidents and victim demographics in the UK. J. Coast. Res. SI 65, 850–855.
Woodward, E., Beaumont, E., Russell, P., et al., 2015. Public understanding and knowledge
of rip currents and beach safety in the UK. Int. J. Aquat. Res. Educ. 9 (1), 46–69.
Wright, L.D., 1978. Morphodynamic variability of high-energy beaches. Mar. Geol. 56,
93–118.
Wright, L.D., Short, A.D., 1984. Morphodynamic variability of surf zones and beaches: a
synthesis. Mar. Geol. 56, 93–118.
